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EDITORIAL 


Space for nature 


ow much of the planet should we leave for other 
forms of life? This is a question humanity must 
now grapple with. The global human popula- 
tion is 7.6 billion and anticipated to increase to 
around 10 billion by the middle of the century. 
Consumption is also projected to increase, with 
demands for food and water more than doubling 
by 2050. Simply put, there is finite space and energy on 
the planet, and we must decide how much of it we’re 


Current levels of protection do not even come close to 
the required levels. Just less than half of Earth’s surface 
remains relatively intact, but this land tends to be much 
less productive. Only 3.6% of the oceans and 14.7% of 
land are formally protected. Many of these protected ar- 
eas are “paper parks,” meaning they are not effectively 
managed, and one-third of the terrestrial protected 
lands are under intense human pressure. 

At the 2010 Nagoya Conference of the Convention on 


Jonathan Baillie 


is executive vice 


willing to share. This question requires deep consider- | Biological Diversity, the world’s governments convened 


ation as it will determine the fate of millions of species | to agree on an ambitious “strategic plan for biodiversity” P antes i 
and the health and well-being of future generations. and adopted 20 Biodiversity Targets, widely referred to alas ened ; 
National Geographic 


About 20% of the world’s 
vertebrates and plants are 
threatened with extinction, 
mostly because humans have 


as the Aichi Targets. The 11th 
Target states that by 2020, 
at least 17% of the terrestrial 
and inland water, and 10% 


Society, Washington, 
DC, USA. jbaillie@ 
ngs.oTg 


Spix’s macaw, native 
to Brazil, is critically 


degraded or converted more 
than half of the terrestrial 
natural habitat. Moreover, 
we are harnessing biomass 
from other forms of life and 
converting it into crops and 
animals that are more useful 
to us. Livestock now consti- 
tute 60% of the mammalian 


endangered. 


of coastal and marine areas, 
should be conserved. Target 
12 advocates for preventing 
extinction of known species, 
and Target 14 advocates for 
the safeguarding of ecosys- 
tems that provide essential 
services. These goals beg the 


question: Would achieving 
Target 11 be sufficient to allow 
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biomass and humans an- 
other 36%. Only 4% remains 


the achievement of Target 12 the Kunming 
for the more than 5000 or 14? Current scientific evi- Institute of Zoology, 
species of wild mammals. dence suggests that it would Chinese Academy 


This ratio is not surprising: 
Wild vertebrate populations 
have declined by more than 
50% since 1970. Both from 
an ethical and a utilitarian 
viewpoint, this depletion of 
natural ecosystems is ex- 


be woefully inadequate for 
the task. 

If we truly want to protect 
biodiversity and secure criti- 
cal ecosystem benefits, the 
world’s governments must 
set a much more ambitious 


of Sciences, Beijing, 
China. zhangyp@ 
mail.kiz.ac.cn 


“Current levels of protection 
do not even come close to the 
required levels.” 
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tremely troubling. 

Most scientific estimates of the amount of space 
needed to safeguard biodiversity and preserve ecosys- 
tem benefits suggest that 25 to 75% of regions or major 
ecosystems must be protected. But estimating how much 
space is required to protect current levels of biodiversity 
and secure existing ecosystem benefits is challenging be- 
cause of limited knowledge of the number of species on 
this planet, poor understanding of how ecosystems func- 
tion or the benefits they provide, and growing threats 


protected area agenda and 
ensure it is resourced. In 2020, the world’s govern- 
ments will meet at the Convention on Biological Di- 
versity in Beijing, China, to set biodiversity targets for 
the future. Given the evidence to date and the implica- 
tions of an underestimate, we encourage governments 
to set minimum targets of 30% of the oceans and land 
protected by 2030, with a focus on areas of high biodi- 
versity and/or productivity, and to aim to secure 50% 
by 2050. This will be extremely challenging, but it is 
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such as climate change. Thus, spatial targets will be as- 
sociated with great uncertainty. However, targets set too 
low could have major negative implications for future 
generations and all life. Any estimate must therefore err 
on the side of caution. 


possible, and anything less will likely result in a major 
extinction crisis and jeopardize the health and well- 
being of future generations. 


-Jonathan Baillie and Ya-Ping Zhang 


10.1126/science.aaul1397 
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New fungus species identified in 2017, 
according to the first-ever State of the World's 
Fungi report, from the Royal Botanic Gardens, 


1052 


Kew, in the United Kingdom. 


Edited by Lila Guterman 


Slippery layer raised Japan quake deaths 


Landslides peppered the area near the earthquake’s epicenter. 


he 6 September 6.6-magnitude earthquake that struck Hokkaido, 
Japan’s northernmost main island, caused extensive land- 
slides that surprised both residents and scientists. Most of the 
41 people who died as a result of the quake were buried by 
the landslides, which occurred close to the epicenter, 65 kilo- 
meters southeast of Sapporo. Some researchers suspect several 
unusual factors came together to create disaster. First, a typhoon 
that passed through Japan just 2 days before the quake soaked the 
soil, making it heavy. A few meters deep at the quake site are lay- 
ers of structurally weak volcanic deposits from long-past eruptions. 
The material is porous and gets slippery when wet. The earthquake 
stress caused the volcanic layer to split, allowing the rain-laden soil to 
slip down the slope. At least one other researcher says on-the-ground 
investigations are needed to verify this scenario. 
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Trump taps climate doubter 


SCIENCE POLICY | Physicist William 
Happer, an emeritus professor at Princeton 
University and critic of mainstream climate 
science, has joined the White House. Happer, 
who was a Department of Energy official 
under former President George H.W. Bush, 
will focus on emerging technologies on 
President Donald Trump’s National Security 
Council, according to media reports. Happer 
has accused federal research agencies of 
manipulating climate data and asserted 

that the planet could benefit from higher 
atmospheric concentrations of carbon 
dioxide (CO,), because the warming gas fuels 
plant growth. Happer said in January that 
he supported Trump’s decision to pull the 
United States out of the Paris climate accord. 
“There is no problem from CO,,” he said. 


Vertebrate genomes unveiled 


BIOLOGY | This week, marking a fresh start 
for a project that began in 2009, researchers 
released high-quality genomes of 14 species 
from across the vertebrate family tree. 
Thanks to the adoption of new sequencing 
technologies and software, the Vertebrate 
Genomes Project says it can generate 
additional genomes for about $15,000 per 
1 billion bases. They will be at least as 
complete as the best human genome, says 
project head Erich Jarvis, a neuroscientist 
at The Rockefeller University in New York 
City. The newly released genomes include a 
kakapo—an endangered New Zealand 
parrot—named Jane, a Canadian lynx, 

a newly discovered turtle species from 
Mexico, a legless amphibian called a caeci- 
lian, and two cichlids—one that’s a popular 
aquarium fish and another that’s the object 
of extensive evolutionary studies. Next, the 
scientists hope to sequence a representa- 
tive of each of the 266 major branches of 
the vertebrate family tree. To reach the 
goal of all 66,000 vertebrates will require 
about $600 million. 


Google adds data searches 


INFORMATION SCIENCE | Google is now 
doing for data what it’s done for news 
articles, movie times, academic papers, 
and cat photos: It is providing a search 
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IMAGING 
Scans light up anatomy 


new version of a decades-old technique makes 
anatomical images pop like never before. In the 
technique, called clearing and staining, scien- 
tists dip fish, amphibian, reptile, and mammal 
specimens in chemical baths that make the 
flesh transparent. Several more baths dye cartilage 
bright blue and bones bright red. But some detail 


IMAGE: M. DAVIS 


gets lost. To enhance the method's images, research- 
ers at the University of Kansas in Lawrence and St. 
Cloud State University in Minnesota shined specific 
wavelengths of light on the dyed specimens and then 
filtered out all colors except red or green. The result- 
ing images—in which the bones are still red, but soft 


tissues appear green—help differentiate between 


tissues, the team reports in the September issue of 
Copeia. The technique might prove useful for imaging 
fossils because scientists could use it to “delete” the 
surrounding rock from scans to focus on the bones. 
Another improvement: The scientists figured out a 


way to get floppy specimens to sit up straight. By 
adding a little gelatin to a bath of 40% glycerin in 


water, the researchers had just enough time to pose 


their creatures before they hardened into place. 


tool for convenient access. Last week, the 
Mountain View, California-based com- 
pany launched Dataset Search. Type in a 
phrase such as “sea surface temperature” 
or “social vulnerability,’ and it will point 
to data sets stored online in repository 
sites such as figshare, and on univer- 

sity and government web pages. Users 
can also access information about the 
data set authors, publication dates, and 
descriptions. The search now focuses 

on environmental and social sciences, but 
as more disciplines push for open data, the 
tool’s results should expand, Google says. 


Study results go undisclosed 


CLINICAL TRIALS | Nearly nine in 10 uni- 
versity clinical studies fail to report results 
within the 1-year time frame set by the 
European Union, says a study in The BMJ 
from the University of Oxford in the United 
Kingdom. The rules, which apply to studies 
done in the European Union, went into 
effect in late 2016, but there is no punish- 
ment for those who haven’t complied, the 
authors say. About half of 7274 completed 
trials met the requirement, the Oxford 
team found. Only 11% of noncommercial 
trials in the study complied, compared 
with 68% of commercial ones. The worst 
offenders include the Karolinska Institute 
in Stockholm and the Charité University 
Hospital in Berlin, which together owe 
results on 84 trials and have reported none. 
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Pulsar discoverer to donate prize 


NEWSMAKER | Jocelyn Bell Burnell, an 
astrophysicist at the University of Oxford 

in the United Kingdom, last week won 

a Breakthrough Prize for her role in the 
discovery 50 years ago of pulsars, rapidly 
spinning neutron stars. She says she will use 
the $3 million that comes with the award 

to establish a scholarship for women and 
ethnic minority students in physics. In 1967, 
as a graduate student, Bell Burnell used a 
radio telescope she helped build to detect 
regular signals from what turned out to be 
pulsars, the remains of collapsed stars. The 
clocklike signals have since been used to test 
Albert Einstein’s theory of relativity, observe 
the first exoplanets, and infer the existence 
of gravitational waves. Her thesis adviser, 
Antony Hewish, shared the 1974 Nobel Prize 
in Physics for the discovery, but Bell Burnell 
was overlooked. 


Gene-editing tool shows promise 


BIOMEDICINE | The first test of a gene- 
editing tool in people has yielded hints that 
it could help treat a rare, inherited metabolic 
disorder. The disorder, Hunter syndrome, 
results from the lack of an enzyme to break 
down certain sugars. The experimental 
treatment was developed by biotech com- 
pany Sangamo Therapeutics of Richmond, 
California. It uses a harmless virus to deliver 
DNA for zinc finger nucleases to the liver, 
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where they snip the genome at a specific 
spot. The virus also carries a gene for the 
missing enzyme, which fills the break. After 
4 months, two patients’ urine levels of the 
excess sugars dropped by 39% and 63%. 
But their bodies weren’t making detectable 
blood levels of the missing enzyme. Results 
for two patients who received a higher dose 
are expected early next year. 


Report calls for exoplanet imager 


ASTRONOMY | To search for life on other 
worlds, NASA should build a large space 
telescope to directly image Earth-like plan- 
ets around other sunlike stars, according 
to a5 September report from the National 
Academies of Sciences, Engineering, and 
Medicine (NASEM). The telescope should 
have a starshade or a coronagraph, two 
ways of blocking starlight to reveal faint 
reflected light from the planet. The report 
says giant ground-based telescopes would 
also aid in characterizing Earth-like 
exoplanets, and it calls on the National 
Science Foundation (NSF) to support both 
the Giant Magellan Telescope and the 
Thirty Meter Telescope, two rival projects 
(Science, 25 May, p. 839). Astronomers 
will soon begin the 2020 decadal survey, a 
separate NASEM effort to prioritize future 
NASA and NSF projects. Two of four pro- 
posed space telescopes that the survey will 
consider would satisfy many of the science 
requirements in the exoplanet report. 
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Physicists plan hunt for Higgs boson pairs 


Rare double-Higgs events at the Large Hadron Collider could point to new physics 


By Adrian Cho 


or particle physicists eager to explore 
new frontiers, spotting the Higgs bo- 
son has become a bittersweet triumph. 
Detected in 2012 at the world’s biggest 
atom smasher, the Large Hadron Col- 
lider (LHC), the long-sought particle 
filled the last gap in the standard model 
of fundamental particles and forces. But 
since then, the standard model has stood 
up to every test, yielding no hints of new 
physics. Now, the Higgs itself may offer a 
way out of the impasse. Experimenters at 
the LHC, located at CERN, the European 
particle physics laboratory near Geneva, 
Switzerland, plan to hunt for collisions that 
produce not just one Higgs boson, but two. 
Finding more of these rare double-Higgs 
events than expected could point to par- 
ticles or forces beyond the standard model 
and might even help explain the imbalance 
of matter and antimatter in the universe. 
“This is the next big thing,’ says Sally 
Dawson, a theorist at Brookhaven National 
Laboratory in Upton, New York, and an or- 
ganizer of a workshop last week at the Fermi 
National Accelerator Laboratory (Fermi- 
lab) in Batavia, Illinois, where more than 
100 physicists gathered to hone the concep- 
tual tools needed for the long search. 
The Higgs boson plays a special role in 
the standard model, which describes how 
a dozen types of particles interact through 
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three forces: electromagnetism and the 
weak and strong nuclear forces. (The theory 
does not include gravity, a major failing.) 
The forces in the model arise from certain 
mathematical symmetries. But that math 
works only so long as the particles do not 
start out with mass. So mass must somehow 
emerge through interactions among the 
otherwise massless particles themselves. 

That’s where the Higgs comes in. Physicists 
assume that space contains a Higgs field—a 
bit like an electric field—generated by Higgs 
bosons lurking in the vacuum. Particles in- 
teract with the field to gain energy and, 
through Albert Einstein’s famous equation, 
E=mc’, mass. 

This Higgs mechanism received resound- 
ing support 6 years ago, when experimental- 


Two Higgs bosons may have decayed into bottom 
quarks in this 2016 collision in the ATLAS detector. 
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ists working with the two biggest particle 
detectors fed by the LHC, A Toroidal LHC 
Apparatus (ATLAS) and the Compact Muon 
Solenoid (CMS), blasted into existence a fleet- 
ing particle weighing 133 times as much as a 
proton. It decays in the ways that the Higgs 
is supposed to—for example, into a pair of 
photons. But physicists aren’t sure whether 
they’ve observed the standard model Higgs 
boson or something subtly different. 
Double-Higgs events promise a way to 
tell for sure, by revealing how strongly the 
Higgs field interacts with itself. An electric 
field vanishes if there’s no charge around, 
but the Higgs field must always linger in 
the vacuum—or else it wouldn’t be able to 
impart mass to other particles. The stan- 
dard model presumes this happens with 
a Higgs field that interacts with itself and 
minimizes its energy not by vanishing, but 
by taking a nonzero strength. 
Mathematically, there are many ways to 
cook up such a scheme, and the standard 
model employs the simplest one, controlled 
by just one parameter. That parameter, in 
turn, predicts the rate at which Higgs pairs 
should emerge in particle collisions—giving 
physicists a way to test the standard model. 
The challenge is finding the extremely rare 
decays. The standard model predicts that 
for every 10,000 proton-proton collisions at 
the LHC that produce a single Higgs boson, 
roughly six will produce a pair. Those double- 
Higgs events should generate messy showers 


sciencemag.org SCIENCE 


IMAGES: (TOP TO BOTTOM) MICHAEL HOCH AND MAXIMILIEN BRICE; ATLAS EXPERIMENT © 2018 CERN 


8LOZ ‘E | 4equiajdas uo /Bio Hewaeoua!os aoualos//:djjy wos papeojumMog 


NEWS 


CREDITS: (GRAPHIC) J. YOU/SCIENCE; (DATA) N. GRUBAUGH, S. SARAF, K. ANDERSEN, BASED ON WEEKLY REPORTED CASES FROM 


THE PAN AMERICAN HEALTH ORGANIZATION AND THE FLORIDA AND TEXAS DEPARTMENTS OF HEALTH 


The giant CMS detector at the Large Hadron Collider 
will search for double-Higgs events. 


of other particles, making them even harder 
to identify. The LHC has already probably 
produced about 1000 double-Higgs events, 
but ATLAS and the CMS cannot yet come 
close to sifting a signal from the background. 

However, LHC experimenters say they’re 
optimistic about their chances, especially 
because their techniques for spotting Higgs 
bosons are improving. Last month, they an- 
nounced proof they had detected a particu- 
larly messy decay mode in which a Higgs 
spawns a pair of massive particles called 
bottom quarks, as it should in nearly 60% 
of all decays. That bodes well for double- 
Higgs searches because they rely on at least 
one Higgs in the pair decaying in this most 
probable way. 

The LHC experiments may need years to 
see a signal. Later this year, the LHC will idle 
for 2 years for upgrades. In 2026 it will under- 
go another 2-year hiatus to boost its colli- 
sion rate. The so-called High-Luminosity 
LHC would then run until 2034. On paper, 
only the full run will yield enough data to 
validate the standard model prediction. How- 
ever, some physicists think they can beat that 
timetable as their Higgs-spotting algorithms 
continue to improve. “Even before the High- 
Luminosity LHC, I think we could get close to 
the standard model prediction,” says Caterina 
Vernieri, a CMS member at Fermilab. 

Of course, all LHC experimenters hope 
the rate for double-Higgs events will exceed 
the standard model prediction. It cannot 
be sky high or it would run into indirect 
constraints from the observed Higgs de- 
cays, says Eleni Vryonidou, a theorist at 
CERN. Still, the double-Higgs rate could be 
as much as six times as big as the standard 
model prediction, she estimates. 

Such an enhancement would indicate a 
strongly self-interacting Higgs field. It could 
also signal fleeting new particles that tend 
to decay into Higgses, such as heavier Higgs 
partners predicted by many standard model 
extensions. And it might have implications 
far beyond particle physics, says Marcela 
Carena, a theorist at Fermilab. Physicists 
don’t know why the infant universe ended 
up with more matter than antimatter. But 
Carena says the sudden emergence of a 
strongly self-interacting Higgs field might 
have locked in the imbalance. 

Even if the rate of double-Higgs events 
doesn’t defy standard model predictions, the 
quest to count them will pay off handsomely, 
says Katharine Leney, an ATLAS experimen- 
talist at University College London. “What’s 
driving a lot of people, including myself, is 
being able to say once and for all, by God, it 
is or isn’t the standard model Higgs.” 
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INFECTIOUS DISEASE 


Steep drop in Zika cases 
undermines vaccine trial 


Controversial strategy of intentionally infecting volunteers 
to test vaccine candidates is now back on the agenda 


By Jon Cohen 


n 2016, as the mosquito-borne Zika vi- 

rus spread through the Americas and 

cases of infected women having brain- 

damaged babies mounted, investiga- 

tors raced to develop a vaccine. Now, a 

$110 million vaccine trial is underway 
at 17 sites in nine countries, but it faces an 
unexpected, and ironic, challenge. Cases of 
Zika have plummeted to levels so low that 
most people vaccinated in the trial likely will 
never be exposed to the virus, which could 
make it impossible to tell whether the vac- 
cine works. 

“Right now, there are no infections, and 
certainly not enough to even think about an 
efficacy signal at this point,’ says Anthony 
Fauci, director of the U.S. National Institute 
of Allergy and Infectious Diseases (NIAID) 
in Bethesda, Maryland, which launched 
the trial. Human trials of other Zika vaccine 
candidates at earlier stages are also in limbo, 
and last year one large vaccinemaker pulled 
the plug on development of its candidate. 
But NIAID and others are pressing ahead, 
saying a vaccine might someday be needed. 
To make up for the lack of new cases, other 
investigators are turning to an unusual, and 
ethically complex, strategy. Starting next 
year, Science has learned, they plan to test 
a vaccine by deliberately infecting people 
with Zika. 

Launched in March 2017, NIAID’s placebo- 
controlled vaccine trial includes two sites in 


Zika’s vanishing act 


Weekly counts of new Zika cases, Suspected and confirmed, have plum- 
meted in North and South American countries hosting a vaccine trial. 


Brazil, where Zika hit hardest and where the 
brain damage known as microcephaly first 
surfaced. From the beginning of the out- 
break in 2015 until the start of this year, 
Brazil had about half of all 800,000 sus- 
pected and confirmed Zika cases in the 
Americas, according to the Pan American 
Health Organization in Washington, D.C. 
But from January through June, Brazil’s 
Ministry of Health reported fewer than 
7000 probable cases, in a nation of 200 mil- 
lion people. “It’s a good dilemma because 
we don’t have Zika anymore,” says Esper 
Kallas of the University of Sao Paulo in 
Sao Paulo, Brazil, principal investigator for 
the local NIAID site. “But it’s a dilemma. 
Everybody is concerned about it. It’s a lot 
of investment.” 

To date, 1380 participants have enrolled 
in the trial, which tests a vaccine containing 
a small circular piece of DNA that holds two 
Zika genes. From the outset, the research- 
ers had planned to open new trial sites at 
infection hot spots, if needed. But new cases 
have dropped to a trickle throughout the 
Americas (see graph, below). 

Further complicating the trial, many 
people throughout Latin America and the 
Caribbean have already been infected with 
Zika and recovered, which has left them 
immune to the virus and hence ineligible 
for vaccine trials. “We have problems find- 
ing people to participate,” Kallas says. 
Indeed, nearly 50% of 2147 Nicaraguans 
studied in Managua—which is not a site 
in the NIAID trial—tested 
positive for antibodies to the 
Zika virus between January 
and September 2016, a group 
reported 27 August in the 
Proceedings of the National 


30,000 Academy of Sciences. 
25.000 @ South America Kallas says evidence of ef- 
@ North America ficacy could still emerge from 
20,000 areas of Sdo Paulo that, inexpli- 
15,000 cably, have had little Zika. Those 
pockets, where less than 5% of 
10,000 the people test positive for Zika 
5000 antibodies, remain susceptible 
to the outbreaks that could 
January January May give the vaccine a real test. 
2016 2017 2017 “There’s this sense the epidemic 
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will hit our region, but we don’t know when,” 
Kallas says. “We don’t understand why it 
didn’t happen already.” 

Given the drop in cases, a surer way to 
test any vaccine against Zika is to delib- 
erately expose inoculated subjects to the 
virus. Researchers have used this strategy, 
known as a human challenge trial, for de- 
cades to test vaccines against diseases that 
either can be effectively treated or, like 
Zika, typically cause mild symptoms. 

But in 2017, an ethics committee con- 
vened by NIAID and the Walter Reed 
Army Institute of Research in Silver Spring, 
Maryland, called it “premature” for Zika. 
They worried that people intentionally in- 
fected with the virus might transmit it to 
their sexual partners, primarily through 
infected semen. And they were confident 
that traditional field trials could test the 
efficacy of the leading vaccine candidates. 

The report froze plans for a human chal- 
lenge study, which NIAID had agreed to 
fund. “It was a great setback,” says the study’s 
leader, Anna Durbin of the Johns Hopkins 
University Bloomberg School of Public 
Health in Baltimore, Maryland. “If we had 
been allowed to go forward, we’d know today 
which vaccine candidates look good.” 

Now, the study is being considered again, 
as Zika disappears from the region and in- 
dustry loses interest in bringing a vaccine to 
market. In a major blow, Sanofi Pasteur 
halted work on its vaccine, licensed from 
Walter Reed, in September 2017. “There’s 
a compelling reason to conduct a hu- 
man challenge trial now,” says bioethicist 
Seema Shah of Northwestern University’s 
Feinberg School of Medicine in Chicago, 
Illinois, who chaired the 2017 ethics com- 


mittee. But, she adds, “The details are 
complicated and it’s important to have a 
rigorous review.” 

“Tf they're careful, we have no problems 
supporting it,’ Fauci says. Durbin plans 
to submit her new protocol for review in 
about a month, and in early 2019 hopes to 
start injecting Zika virus into people im- 
munized with a vaccine containing live, 
but weakened Zika virus made by NIAID’s 
Stephen Whitehead. As a precaution, she 
plans to enroll only women at first, to 
avoid semen transmission from infected 
males. The volunteers will receive a low 
dose of Zika virus, and they will remain 
in clinics for the 2 weeks it typically takes 
to clear the infection. Any vaccine that 
works in the challenge study theoretically 
could then be evaluated in a real-world 
outbreak—just as is occurring now with an 
unlicensed but promising Ebola vaccine. 

The much larger NIAID trial could also pay 
off, even if it doesn’t show whether the Zika 
vaccine is effective. It will yield data on safety 
and immune responses; combined with ani- 
mal data on efficacy, the results might be 
enough for the U.S. Food and Drug Adminis- 
tration to license the vaccine, Fauci says. 

But regardless of whether the trial leads 
to an approved vaccine, he has no regrets 
about launching it. “Zika was a very omi- 
nous threat just a couple of years ago, and 
there is certainly the possibility that it is 
going to come back,” Fauci says. “It’s a risk 
that you’ll spend this money and never use 
the vaccine, but balancing the importance 
of this infection and the impact it could 
have, we felt it was a good decision to move 
ahead. And I would be happy to defend 
that anywhere.” 


A Brazilian mother holds her daughter, who was born in 2016 with microcephaly, a Zika-caused birth defect. 
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BIOMEDICINE 


New cancer- 
fighting cells 
enter trials 


Engineered natural killer 
cells and macrophages may 
be next immunotherapies 


By Mitch Leslie 


he cancer fighters known as CAR T 
cells have proved their prowess in 
recent years. Three therapies using 
the altered T cells against lymphoma 
or leukemia have won U.S. Food 
and Drug Administration approval, 
and hundreds of trials are now unleash- 
ing them on other malignancies, including 
solid tumors. But the cells may soon have 
company. Researchers have equipped other 
immune guardians—natural killer cells and 
macrophages—with the same type of can- 
cer-homing receptor, and the natural killer 
cells have made their debut in clinical trials. 

CAR T cells—their name comes from the 
chimeric antigen receptor, or CAR, added to 
help the immune cells target cancer cells— 
inspired the new work. CAR natural killer 
(CAR NK) cells could be safer, faster to pro- 
duce, and cheaper, and they may work in 
situations where T cells falter. CAR-carrying 
macrophages also have potential advan- 
tages, and one firm plans to launch the first 
clinical trials of these cells next year. 

Although they aren’t likely to replace 
CAR T cells, these alternative cancer fight- 
ers “could be an addition to the armamen- 
tarium of cell therapies,” says hematologist 
and oncologist Katy Rezvani of the Univer- 
sity of Texas MD Anderson Cancer Center 
in Houston. She is leading the first trial of 
CAR NK cells in the United States, which 
began in 2017, and organizing another that 
is due to start this year. 

Making CAR T cells involves removing 
patients’ own T cells and genetically alter- 
ing them to attack cancer cells that carry a 
specific immune-stimulating molecule, or 
antigen. (All of the CAR T treatments ap- 
proved so far target the CD19 protein on 
cancerous B cells, a type of immune cell.) 
The cells have produced impressive results 
in clinical trials—in one study, they trig- 
gered remissions in 83% of children with 
previously untreatable acute lymphoblas- 
tic leukemia. But some patients who have 
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already undergone chemotherapy or radia- 
tion treatment may not have enough T cells 
left to donate. And these powerful immune 
watriors can trigger a potentially fatal flood 
of the immune system molecules known as 
cytokines or turn against normal body cells. 
Perhaps the biggest shortcoming of CAR T 
cells, though, is they don’t work well against 
solid tumors, says hematologist and onco- 
logist Saar Gill of the University of Pennsyl- 
vania. Tumors rebuff T cells that try to enter, 
inhibit immune cells that do make it inside, 
and can curb production of antigens targeted 
by CAR T cells. Researchers are trying several 
approaches to improve CAR T cells’ perfor- 
mance against solid tumors. But NK cells are 
a tempting alternative, scientists say. 
“Natural killer cells are our first line of 
defense against cancer cells,” Rezvani says. 
They scan other cells in the body and destroy 
any that are infected or otherwise abnormal, 
including tumor cells. Researchers have been 
trying to harness the cancer-fighting activity 
of NK cells that don’t carry CARs for more 
than 20 years, notes translational immuno- 
logist Jeffrey Miller of the University of Min- 
nesota in Minneapolis. But upgrading them 
by adding CARs seems to boost their potency. 
Earlier this year, for instance, stem cell 
biologist Dan Kaufman of the University of 
California (UC), San Diego, and colleagues 
reported that in mice, CAR NK cells perform 
about as well against ovarian tumors as CAR 
T cells do—and substantially better than un- 
altered NK cells. Mouse trials also suggest 
CAR NK cells may not cause some of the side 
effects of CAR T cells, such as excess cytokine 
release and neurological damage. CAR NK 
cells might also be less vulnerable to some of 
tumors’ tricks for avoiding attacks. Because 
NK cells rely on other receptors to recognize 
tumor cells, not just the CAR, they may be 
able to detect a tumor even if it alters its 
antigens. In addition, Kaufman points out, 
it may be feasible to give patients multiple 
doses of CAR NK cells and hammer away at 
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tumors, whereas the cost of CAR T cells lim- 
its patients to a single dose. 

The first trials of CAR NK cells started in 
China in 2016 in patients with several kinds 
of cancers—early results from one suggest 
the cells are safe. Rezvani and colleagues’ 
initial trial is pitting the cells against several 
varieties of lymphoma and leukemia. A Euro- 
pean trial, which is testing CAR NK cells in 
patients with the brain cancer glioblastoma, 
launched this year. In the upcoming MD An- 
derson trial, patients with B cell lymphoma, 
a type of blood cancer, will receive stem cell 
transplants and chemotherapy before CAR 
NK cells, which the researchers hope will 
mop up any remaining cancer cells. 

“T think the future is bright for CAR NK 
cells, but we are at the very beginning,” says 
hematologist Mitchell Cairo of the New York 
Medical College in Hawthorne. One un- 
known is the best source for the cells. T cells 
from someone other than the patient can 
trigger a potentially fatal immune complica- 
tion known as graft-versus-host disease, in 
which the transplanted cells attack the recip- 
ient’s own tissues. But NK cells from a donor 
do not appear to cause that response, which 
opens a range of options. Although sieving 
NK cells from donors’ blood is a possibility, 
the procedure is expensive and can harm the 
donors. Both MD Anderson trials instead 
rely on NK cells isolated from umbilical cord 
blood and then implanted with CARs. Do- 
nated umbilical cord blood is abundant and 
plenty of NK cells can be grown from it. 

In contrast, the Chinese and European 
trials generated enough NK cells by turning 
to a cell line derived from a person with a 
type of lymphoma. These cells are staples of 
clinical trials, and despite their cancerous 
origin, they appear to be safe, says immuno- 
logist Torsten Tonn of the Technical Uni- 
versity of Dresden in Germany, one of the 
researchers participating in the glioblas- 
toma trial. Kaufman and colleagues are also 
exploring another possible source of NK 
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Natural killer cells (yellow) 
attack a cancer cell. 


cells: induced pluripotent stem cells, which 
are produced by nudging adult body cells to 
return to an unspecialized state. 

All these approaches could lead to off- 
the-shelf CAR NK cells that avoid the need 
to extract and modify a cancer patient’s 
own cells. The patient’s immune system 
will eventually reject any foreign NK cells, 
Miller notes. But before that happens, 
Rezvani and other researchers think the 
donor NK cells will have a window of time 
during which they can combat cancer cells. 
The question, she says, is whether they will 
persist long enough to benefit patients. 

Like NK cells, macrophages can destroy 
cancer cells, but the catch is that most mac- 
rophages inside a tumor are traitors, which 
help the tumor by quashing immune attacks 
against it, for example. “Tumors acquire mac- 
rophages to support their own growth and 
turn them into their minions,’ Gill says. But 
he and graduate student Michael Klichinsky 
have discovered that the procedure for equip- 
ping macrophages with a CAR prevents them 
from switching sides. The duo helped found 
a company, Carisma Therapeutics in Phila- 
delphia, Pennsylvania, that expects to begin 
clinical trials of CAR macrophages next year. 

At least in the lab, adding a CAR to macro- 
phages boosts their tumor-fighting abili- 
ties, just as it does for other immune cells, 
postdoc Meghan Morrissey of UC San Fran- 
cisco and colleagues have also reported. 
But tumor immunologist Kim O’Neill of 
Brigham Young University in Provo, Utah, 
who leads another group trying to improve 
the cells’ tumor-killing abilities, suggests 
macrophages could do the most good by 
recruiting other immune cells. T cells, for 
example, respond to the cellular debris left- 
over when a macrophage digests a tumor 
cell, so he envisions that patients would re- 
ceive CAR macrophages along with CAR T 
cells. Like great detectives, even the most 
powerful cancer-fighting cells might ben- 
efit from a talented sidekick. 
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NASA space laser targets melting poles 


ICESat-2 is set to reveal disappearing sea ice and retreating glacier beds 


By Paul Voosen 


owhere are the realities of human- 
driven climate change more apparent 
than at Earth’s thawing poles. Arctic 
sea ice is vanishing, while melting 
ice sheets in Greenland and Antarc- 
tica are driving an acceleration in sea 
level rise. Yet for nearly a decade, NASA has 
lacked a dedicated satellite to measure how 
high the polar ice is piled—and how it is sub- 
siding as ice melts or slides into the oceans. 
That gap is set to close with the 15 Septem- 
ber launch of the $1 billion Ice, Cloud and 
land Elevation Satellite (ICESat-2) 
from Vandenberg Air Force Base 
in California. ICESat-2 will bounce 
laser light off Earth’s surface, gaug- 
ing changes in its elevation as 
small as the diameter of a pencil. 
Although the mission is a succes- 
sor in name to ICESat-1, which 
ended in 2010, its multibeam laser 
instrument puts it in a different 
class, says Ted Scambos, a glacio- 
logist at the National Snow & Ice 
Data Center in Boulder, Colorado. 
“Every season we'll get a better 
map than ICESat-1 ever made.” 
Whereas ICESat-1wieldedasin- _ = 
gle laser beam, ICESat-2 has three 
pairs of parallel beams, enabling 
it to scan along multiple paths at 
once. (The pairings are needed 
to calculate slopes across a given 
track, which will help avoid mis- 
interpretations of ice loss when a slightly 
offset return pass identifies changes in eleva- 
tion.) Its resolution is also far higher: Where 
ICESat-1 took readings once every 150 me- 
ters along its track, ICESat-2 will record ele- 
vations every 70 centimeters, firing its lasers 
10,000 times a second. The frequent firing 
means each pulse is relatively weak; to cap- 
ture the faint reflections, the satellite uses a 
small telescope to funnel light to sensitive 
vacuum tubes that can detect single pho- 
tons. “I’m a physicist, and I’m still shocked 
it works,’ says Thorsten Markus, the mis- 
sion’s project scientist at NASA’s Goddard 
Space Flight Center in Greenbelt, Maryland. 
ICESat-2’s advances didn’t come cheap. 
Crystals used to amplify its lasers cracked 
when their metallic mounts expanded un- 
expectedly. Repairing them and addressing 
other complications delayed the original 
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2016 launch date and caused costs to bal- 
loon by hundreds of millions of dollars. 
During the long wait scientists kept an 
eye on polar ice with the European Space 
Agency’s (ESA’s) CryoSat-2, which uses ra- 
dar to detect height. But its readings have 
lower resolution because of its wider ra- 
dar beam. NASA also mounted an annual 
airplane-based campaign called IceBridge, 
which worked well for Greenland but could 
not cope with the vast expanse of Antarc- 
tica, says Beata Csatho, a remote-sensing 
glaciologist at the University at Buffalo, 
part of the State University of New York sys- 


predecessor, and at higher resolution. 


tem. “For Antarctica this gap is really huge. 
We really don’t know what’s happened.” 

A first task for ICESat-2 will be to assess the 
blank white mystery that is the East Antarc- 
tic Ice Sheet, Earth’s most massive. Extreme 
cold and high elevation are thought to pro- 
tect it from major ice loss, but scientists want 
to understand how snowfall, melting ice, and 
shifting bedrock contribute to tiny changes 
in elevation. The satellite will also be able to 
peer into the crags of the Antarctic Peninsula, 
which, despite its small size, is responsible 
for a quarter of the continent’s ice loss. “That 
will certainly be the first place I look,” says 
Andrew Shepherd, a glaciologist at the Uni- 
versity of Leeds in the United Kingdom and 
principal scientific adviser for CryoSat-2. He 
notes that CryoSat-2’s radar beam is too wide 
to deliver precise ice measurements within 
the peninsula’s rugged mountain peaks. 
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Scientists will also use ICESat-2 to moni- 
tor ice sheets’ grounding lines, where gla- 
ciers draining to the ocean first float free 
of the bedrock and become ice shelves. 
These shelves are vulnerable to melting 
from below by warm ocean waters, causing 
grounding lines to retreat inland. Because 
of the bowl-shaped topography of Antarc- 
tica’s bedrock, glaciologists worry the re- 
treat could accelerate and expose ice to ever 
more water in a feedback process that could 
cause rapid ice collapse. 

Grounding lines reveal themselves at the 
surface of a glacier by subtle changes in 
the slope of the ice at the point 
where the ice starts to rise and 
fall with the tides. ICESat-1 could 
detect grounding lines, but only a 
few, and only for part of the year; 
ICESat-2 will check on them every 3 
months. “We're going to get a much 
better idea where warmer water 
is coming in underneath the ice,” 
says glaciologist Helen Fricker at 
the Scripps Institution of Oceano- 
graphy in San Diego, California. 

If an ice shelf is about to col- 
lapse into the sea, scientists will 
want to put together an observ- 
ing campaign right away. Csatho 
is exploring how to use ICESat-2 
data in an early warning system 
that would detect sudden melting 
events in near-real time, rather 
than a year or two afterward. 

When ICESat-2 is not watch- 
ing ice sheets, it will measure the canopy 
height of high-latitude forests, providing 
climate scientists with a proxy measure for 
the carbon stored in trees. It will also join 
forces with CryoSat-2 to measure the snow 
that blankets land and sea ice. Because la- 
ser light bounces off the snow, while radar 
reflects from the ice below, combining the 
two satellites’ measurements could help in- 
vestigators separate the snow from the ice. 
In Antarctica, where drifts can stand nearly 
2 meters tall, that could sharpen measure- 
ments of changes in ice thickness. NASA 
and ESA are already discussing whether to 
shift CryoSat-2’s orbit to create more over- 
laps, Shepherd says. The European satellite 
has enough fuel to make the move, he adds. 

But first, ICESat-2 has to reach orbit 
and show that its eye on the ice is as sharp 
as promised. 
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‘ Giant elephant birds 
may have coexisted. with 
people for millennia. 


Scarred bird bones reveal early 
settlement on Madagascar 


Find reignites debate about megafauna extinctions 


By Andrew Lawler 


ying about 425 kilometers off the 

African coast, Madagascar was long 

thought to be one of the last corners 

of Earth to be settled. This week in 

Science Advances, however, research- 

ers report that ancient butchered 
bones show people made their home on the 
lush island 10,500 years ago, an astonishing 
8 millennia earlier than once thought. 

The discovery, by a team led by James 
Hansford of the Zoological Society of Lon- 
don, rekindles a contentious debate over 
whether humans are responsible for the ex- 
tinction of Madagascar’s unique megafauna, 
including giant lemurs and the world’s larg- 
est bird. All flourished after the island broke 
away from the Indian subcontinent 88 mil- 
lion years ago, then died out centuries ago, 
seemingly not long after people arrived. But 
the blade-scarred bones from the massive 
elephant bird Aepyornis maximus suggest a 
long coexistence between humans and mega- 
fauna—challenging the belief that people in- 
evitably kill off large mammals and flightless 
birds when they arrive in a new land. 

David Burney, a paleobiologist at the Na- 
tional Tropical Botanical Garden in Koloa, 
Hawaii, who was not involved in the study, 
says the results “fly in the face of all that 
we thought we knew about human arrival 
in Madagascar.” The discovery, along with a 
few other new finds that also point to early 
settling, “is big news,” he says, although he 
and others question whether it is enough 
to resolve the megafauna debates. 

Pinning down the arrival date of humans 
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on Madagascar has been difficult, says Ian 
Tattersall, an anthropologist at New York 
City’s American Museum of Natural History 
(AMNH), because “archaeological evidence 
for early human presence ... is scarce at best.” 
East Africans and Indonesians are known 
to have established farming settlements 
by 500 C.E., but butchered bones of now- 
extinct lemurs and hippos hinted that hu- 
mans were present a half-dozen centuries 
earlier. And on the northeast coast, archaeo- 
logists recently found small stone blades 
that appeared to date to before 2000 B.C.E., 
although the claim is not widely accepted. 
In 2008, anthropologist Patricia Wright 
of the State University of New York in Stony 
Brook heard from a colleague’s aunt that a 
man looking for sapphires had unearthed 
dinosaur bones near Ilakaka, in the south 
central part of the island. “I didn’t believe 
the aunt, but eventually went to visit,” Wright 
says. With Armand Rasoamiaramanana of 
the University of Antananarivo, she found 
the “dinosaurs” were actually the remains of 
massive lemurs, hippos, giant tortoises, and 
crocodiles. The trove also included bones 


Grooves on 10,500-year-old elephant bird bones 
appear to have been left by humans. 


Published by AAAS 


from the elephant bird, an ostrichlike crea- 
ture that stood more than 3 meters high and 
weighed more than 350 kilograms. 

The bones were stored at a nearby field 
center, where Hansford examined them 
in 2016. On 2-meter-long leg bones from 
the elephant bird, he noticed deep grooves, 
evidently made by humans butchering their 
prey with sharp stone tools. By measuring 
carbon-14, the team dated the bones to 10,500 
years ago. The find “represents the earliest 
known evidence of human presence in Mada- 
gascar,’ Hansford and colleagues note. 

The date does more than push back hu- 
mans’ arrival. Many archaeologists accept the 
idea proposed more than 4 decades ago by 
archaeologist Paul Martin of the University 
of Arizona in Tucson that megafauna such 
as mammoths and other giant mammals on 
northern continents died off because of a 
“blitzkrieg” by human hunters entering new 
territory, not because of factors like climate 
change. Madagascar has since emerged as a 
key testing ground for the theory. 

Hansford argues that his group’s results, by 
showing that humans coexisted with mega- 
fauna for as long as 9 millennia, “eliminate 
the rapid extinction hypothesis or blitzkrieg 
for Madagascar.’ Only after farming popula- 
tions had expanded across the island, alter- 
ing the environment and increasing hunting 
pressure, did creatures like the elephant bird 
finally go extinct, he proposes. Ross MacPhee, 
an anthropologist at AMNH, says the paper’s 
conclusion is “highly consequential,” because 
such extinctions “are frequently held up as 
proof of humanity’s consistent record of de- 
struction, past, present, and future.” 

Tattersall, however, says it’s “premature” to 
make generalizations about human impact. 
He and Burney, a longtime advocate of the 
blitzkrieg theory, both note that the Mada- 
gascar find could be a sign of a small group 
of humans who sojourned only briefly on the 
island, with little effect on the fauna. And 
the blitzkrieg hypothesis remains viable else- 
where: New Zealand’s moa—another large 
flightless bird—went extinct less than 2 cen- 
turies after the arrival of the first Polynesians. 
The Madagascar example may show there is 
no one-size-fits-all explanation for the extinc- 
tions, says Henry Wright, an archaeologist at 
the University of Michigan in Ann Arbor. 

So far, the archaeologists searching 
through the ancient bones have not found 
stone tools, which might shed light on the 
early settlers’ way of life and how long they 
persisted on the island. Resolving the twin 
debates about Madagascar’s settlement and 
the demise of its megafauna will take more 
digging and dating, Hansford concedes. He 
and his team hope to return to the bone pit 
in the near future, “now that we understand 


? 


the incredible significance of the site.” | 
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PIERCING THE HAZE 


Ammonia, a poorly understood smog ingredient, 
could be key to limiting deadly particulate pollution 


By Jason Plautz, in Salt Lake City 
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inters can be toxic here. For 
days or even weeks, a thick 
haze settles over this city of 
skiers and hikers, as polluted 
air becomes trapped in a ba- 
sin ringed by mountains. It 
can be hard to see the next 
car on the road. Hospital 
visits for pneumonia and 
asthma spike, schools suspend outdoor re- 
cess, and even healthy residents complain 
of scratchy throats and coughing fits. 

Meteorologists say the phenomenon, 
known as an inversion, is easy to explain: 
A high-pressure system traps cold air in the 
basin, placing a lid over the pollution. But 
the smog’s specific ingredients, and how 
they interact in the atmosphere, have been 
something of a mystery. And there is grow- 
ing pressure to solve it: The U.S. Environ- 
mental Protection Agency (EPA) has judged 
the city to be in “serious” violation of clean 
air standards for part of each year, obligat- 
ing state officials to come up with a plan for 
reducing the threat—something they’ve so 
far been unable to do. 

Last year, in an effort to help develop 
that plan, researchers from six universi- 
ties and several state and federal agencies 
launched an unprecedented effort to better 
understand the precise chemical makeup 
and sources of the pollution. During two in- 
versions that lasted a total of 17 days, they 
gathered data from aircraft, balloons, and 
ground stations. 

The broad strokes of what they found 
came as little surprise. The haze was 
mostly composed of tiny particles, less 
than 2.5 microns in diameter (PM2.5), 
which can lodge in the lungs and con- 
tribute to premature death. Some of the 
particles were dust, smoke, or soot, but 
about three-quarters were made up of am- 
monium nitrate. It forms when nitrogen 
oxides produced by vehicles, furnaces, and 
industrial equipment combine with am- 
monia, which typically wafts from farms 
that use ammonia-based liquid fertilizers 
or produce heaps of animal manure. 

The researchers were startled, however, 
by the levels of pure ammonia they mea- 
sured, given that Utah’s farms are mostly 
idle in winter. “We don’t typically think of 
the winter months as being big months for 
ammonia,” says chemist Jennifer Murphy 
of the University of Toronto in Canada, 
who participated in the 
study. Researchers and 
regulators are now try- 
ing to nail down exactly 
why those levels were 
so high, and whether 
cutting those emissions 
could help clear the air 


Surprisingly high 
levels of ammonia 
appear to play a 
role in fueling the 
smog that envelops 
Salt Lake City in 
the winter. 
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over what some residents have come to call 
“Smog Lake City.” 

Despite its abundance, the role of the 
colorless, sharp-smelling, and eye-water- 
ing gas in deadly air pollution is poorly 
understood. In part, that’s because it is 
notoriously difficult to track. Ammonia 
molecules are “sticky” and eagerly combine 
with other compounds, making it difficult 
for monitoring instruments to capture 
them. And the gas can have a very short life 
span—sometimes just a few days. “Ammo- 
nia is awful,” says environmental engineer 


Fresh off the farm 

Agricultural regions can be major sources of 
ammonia (NH,, dark areas), especially during the 
growing season when use of liquid fertilizers is 
high. Wildfires (some yellow areas near top of map) 
can also produce plumes of the compound. 


Ground-level NH, from April to September 2013 
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Growing demand for chemical fertilizers has caused 
global NH, production to rise dramatically. 
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Mark Zondlo of Princeton University. “It’s 
truly one of the worst gases to measure in 
the atmosphere.” 

Around the world, new ground-, air-, and 
space-based sensors are helping bring the 
sources, movements, and fate of ammonia 
into clearer focus. The improved monitor- 
ing comes as some nations, including the 
United Kingdom, are moving to slash am- 
monia emissions. But others, including 
the United States, have not made limiting 
ammonia a priority, in part because of un- 
certainty surrounding sources, as well as 
concerns that costly controls might do little 
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to improve air quality. Instead, regulators 
have often opted to target other key smog 
ingredients, including oxides of nitrogen 
and sulfur created by combustion. 

But the focus on ammonia is likely to 
intensify. Global emissions of the gas have 
doubled over the past 70 years and are fore- 
cast to continue to rise, in large part because 
of growing demand for chemical fertilizers. 
That has put pressure on researchers and 
regulators to better understand the implica- 
tions for air quality. 


THIS SUMMER, atmospheric scientist Jeff 
Collett of Colorado State University in Fort 
Collins stood in a clearing in Rocky Mountain 
National Park surrounded by instruments 
that highlighted just how challenging it is to 
track ammonia. Other air pollutants, such as 
ozone and carbon monoxide, are generally 
monitored by networks of automated instru- 
ments that collect and relay data in real time. 
But to track ammonia, Collett’s team must 
make an hourlong trip from campus to the 
field several times a week to manually collect 
samples from their instruments. 

One is a simple bucket that collects rain- 
water, which researchers analyze to see how 
much ammonia has become trapped in wa- 
ter vapor. Another relies on a sponge coated 
with an acid to absorb the gas. (Ammonia, 
a base, eagerly reacts with acids.) There is 
also an acid-coated glass spiral, which strips 
the sticky ammonia molecules out of air 
samples before separating out other compo- 
nents of particulate matter. 

It’s a finicky process, but the samples are 
vital to Collett’s effort to document how 
ammonia drifts from farms about 80 kilo- 
meters away in Greeley, Colorado, into the 
park, where the nutrient can damage sensi- 
tive ecosystems, and into Denver, where it 
contributes to smog. The work, underway 
since 2011, has helped sharpen the pic- 
ture of the region’s ammonia sources and 
movements. For example, when Colorado 
farm groups argued that golf courses were 
playing an outsize role in ammonia emis- 
sions because of their liberal fertilizer use, 
Collett stuck a monitor near a local golf 
course and showed that wasn’t correct; 
farms were the bigger source. The monitor- 
ing has also enabled the state to establish 
a system that warns farmers when weather 
conditions are predicted to push ammonia 
toward Denver, encouraging them to volun- 
tarily limit fertilizer applications and cover 
manure piles. 

Elsewhere, other monitoring efforts— 
including a 66-site national network run by 
EPA that reports readings every 2 weeks— 
have painted a bigger, continent-wide pic- 
ture, including how ammonia emissions can 
vary by weather and season (see map, left). 
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Advances in mobile monitoring have made 
it possible to more quickly collect measure- 
ments like Collett’s. And since 2008, NASA 
satellites have provided a global look at am- 
monia’s signature in the atmosphere. Such 
tools are helping scientists assemble a more 
complete picture of ammonia sources, in- 
cluding wildfires, which are estimated to 
produce 10% of global ammonia emissions 
by releasing the compound from plants. 

“A decade ago, we had maybe a dozen 
long-term measurements around the coun- 
try, and only one or two aircraft measure- 
ments ever,’ says atmospheric chemist 
Daven Henze of the University of Colorado 
in Boulder. “Now, we're able to regularly get 
information about timing, magnitude, vari- 
ability, and sources.” 


working to understand that variation and 
figure out where the ammonia is com- 
ing from. The team is using a network of 
ground monitors, combined with aerial 
measurements, to map ammonia concen- 
trations within the city. They are examining 
wind patterns to see how ammonia might 
drift in from nearby agricultural areas. And 
they are looking for sources that may have 
been overlooked. 

Cars in urban areas, for example, may be 
contributing more ammonia than previously 
understood. In one recent study, Zondlo de- 
ployed mobile instruments that use lasers to 
measure ammonia plumes released by vehi- 
cles in cities in the United States and China. 
He found that vehicles—which produce am- 
monia as a byproduct of their emissions- 


boring valleys, the state could try to curb 
those sources—perhaps by asking farmers 
to limit fertilizer use—when the weather is 
ripe for inversions. But that strategy might 
not make sense if urban ammonia sources 
like cars turn out to be playing a bigger 
role in driving the chemistry that produces 
smog. “With so many factors, we need to 
understand the full picture,’ Murphy says. 
Regulators also want to be sure that poten- 
tially costly controls on farms or other am- 
monia sources will produce a benefit, which 
means cracking the chemical makeup of the 
smog. In the United States, for example, ex- 
isting air pollution regulations have sharply 
reduced atmospheric concentrations of nitro- 
gen oxides, meaning fewer molecules of those 
compounds are available to combine with 


Arecipe for a smoggy sky 


Agricultural sources, including ammonia (NH,)-based fertilizers and animal manure, are responsible 
for an estimated 80% to 95% of the emissions of ammonia in developed nations. Wildfires, cars, 
and industrial processes also contribute. Once aloft, ammonia combines with other compounds to 
create tiny particles less than 2.5 microns in diameter that can threaten human health. 


NH, Weather can 
affect how much 
\ ammonia is 
\ emitted and 
. \ where it travels. 
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FEW EFFORTS to inventory ammonia, how- 
ever, have been as thorough as the one under- 
taken in the Salt Lake City region in the 
winter of 2017. The two inversion events 
documented by the ground and air cam- 
paign each lasted more than a week, and 
the researchers were able to gather obser- 
vations in each of the area’s three major val- 
leys: Salt Lake, Cache, and Utah. 

Existing tallies of Utah’s ammonia 
sources suggested ammonia levels would be 
similar in each of the three valleys. In fact, 
the researchers found that levels varied 
by geography—and that the readings were 
higher than they expected. 

Now, Murphy and allied researchers are 
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cleaning catalytic converters—were emitting 
about twice as much ammonia as assumed. 
“In the grand scheme of things, vehicles were 
a fairly small source,” he notes. Still, the emis- 
sions could play an important role in particu- 
late pollution in cities, he says, because the 
ammonia is being produced in close proxim- 
ity to other combustion compounds that fuel 
the creation of PM2.5. 

In Utah, state regulators hope a better 
understanding of Salt Lake City’s ammonia 
sources will help them build improved com- 
puter simulations of air pollution events, 
which can be key to identifying solutions. 
For example, if it turns out that ammonia 
is drifting into the city from farms in neigh- 
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Ammonia reacts with other 


compounds, including oxides 
of nitrogen and sulfur, forming 
particles that create smog. 


Particles can lodge in the lungs 
and bloodstream, contributing to 
disease and premature death. 
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ammonia and form particulates. So, reducing 
ammonia emissions might not make much of 
a difference in areas where other smog ingre- 
dients are already in short supply. In other 
areas, however, choking off ammonia plumes 
could be key to reducing particulates. “We're 
still not in a place,” says Murphy, “where we 
can even say that difficult measures are going 
to [have] an impact.” 


THE SITUATION is very different in Europe, 
where environmental regulators have long 
put a spotlight on ammonia, in part because 
of concerns about its impact on ecosystems. 
(Ammonia can leach into streams and riv- 
ers, for instance, where it can be toxic to 
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aquatic organisms.) The Economic Commis- 
sion for Europe, a United Nations offshoot, 
set ammonia limits in 2012, and European 
countries have used a variety of strategies to 
reduce overall agriculture emissions by 24% 
since 1990. Germany, for example, placed 
per-hectare limits on the use of certain 
kinds of fertilizers, and the Netherlands cre- 
ated financial incentives for more efficient 
fertilizer use. 

Earlier this year, the United Kingdom 
unveiled a sweeping air quality plan that 
includes plans to cut the nation’s ammonia 
emissions from agriculture by 16% by 2030. 
The move came in the wake of a U.K. Envi- 
ronment Agency finding that ammonia was 
the nation’s only major air pollutant to in- 
crease since 2013, and that emissions from 
farms would continue to rise without “ur- 
gent action.” That trend threatened the gov- 
ernment’s bid to halve, by 2025, the number 
of people breathing air with PM2.5 levels 
deemed unsafe by the World Health Or- 
ganization (WHO). (The WHO particulate 
standard is 10 micrograms [ug] of PM2.5 
per cubic meter of air, averaged over a year; 
the U.S. annual standard is 12 ug/m’.) 

To achieve the ammonia cut, the govern- 
ment plans to require farmers to limit fer- 
tilizer applications and cover manure piles, 
and it will impose stricter controls on dairy 
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operations. The agriculture industry, which 
was consulted on the plan, has been largely 
receptive. Farmers have already voluntarily 
taken similar steps, industry officials noted, 
and they welcomed government plans to 
help fund the deployment of ammonia- 
control technologies. 


OTHER NATIONS with hefty ammonia emis- 
sions aren’t yet ready to follow the United 
Kingdom’s lead. China, which is known to 
be a global ammonia emissions hot spot but 
doesn’t have a reliable inventory of sources, 
does not regulate the compound. Neither does 
the United States, although EPA does consider 
ammonia to be a precursor to PM2.5. 

One big issue facing U.S. regulators is a lack 
of comprehensive data on ammonia sources. 
“Tt’s hard to regulate something if you’re not 
measuring it,’ Collett says. U.S. farm groups 
have, to date, rebuffed efforts to require farm- 
ers to report ammonia emissions, arguing the 
effort would be needlessly burdensome. In 
2013, EPA did launch a 2-year ammonia mon- 
itoring study, in concert with the pork, dairy, 
and poultry industries, involving 24 sites in 
nine states. But the project was halted after 
agency science advisers criticized the quality 
of data that were being collected. 

If EPA did pursue ammonia regula- 
tions, politics would likely pose a stum- 
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Managing ammonia sources on farms, 
such as this heap of chicken manure in Maryland, 
could be key to limiting emissions. 


bling block. Farm groups have argued that, 
because the gas has many sources and 
can drift long distances, any controls 
would have to be carefully designed; a fix 
would not be as straightforward as, for 
instance, installing a chemical scrubber 
on a power plant. They also note farm- 
ers have already taken voluntary steps to 
limit emissions, such as reducing the 
amount of ammonia precursors used in 
animal feed and changing manure man- 
agement practices. 

Still, U.S. regulators could face pres- 
sure to act if studies from Salt Lake City 
and elsewhere provide evidence that am- 
monia has become an important driver of 
particulate pollution. And at least one sci- 
entist believes answers could come sooner 
than later—in “years, not decades,” pre- 
dicts Henze, who sits on the EPA advisory 
panel considering the issue. “EPA has not 
been willing to push the ball forward be- 
cause of the uncertainty” surrounding am- 
monia, he says. “Now we're pushing past 
the uncertainty.” 


Jason Plautz is a journalist in Denver. 
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WINDFALL 


A catastrophic hurricane gave scientists a rare chance to study 
how tropical forests will fare in a warmer, stormier future 


By Sarah Amandolare, in Puerto Rico’s El Yunque National Forest 


year after Hurricane Maria raked 

Puerto Rico with winds of 250 kilo- 

meters per hour and a meter of 

rain, the island is still struggling 

to recover. Estimated deaths have 

risen to shocking levels—nearly 
3000—and although power has 

been almost completely restored, 
blackouts occur regularly. The wind 

and flooding also devastated ecosystems as 
diverse as mangrove swamps and rainforest. 
As they mend, scientists are watching closely. 
A major focus is this rainforest in the 
Luquillo Mountains of northeastern Puerto 
Rico that scientists have been monitoring 
since the 1940s. The only tropical forest in 
the U.S. Forest Service’s (USFS’s) National 
Forest System, it has endured several major 
hurricanes. But Maria and Irma—a hurricane 
that struck the island a glancing blow just 
2 weeks earlier—were the strongest in a cen- 
tury, turning lush forest into ranks of skeletal 
trees and piles of sticks. Maria also destroyed 
research infrastructure and blocked access 
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to some experiments for weeks. 

As scientists get back to work, the devas- 
tated forest presents a rare opportunity to ex- 
plore how tropical forests—and their ability 
to store carbon—recover from the extreme 
weather that is becoming more common as 
the world warms. The wealth of ongoing re- 
search in the forest “has positioned us really 
well to tackle this question of how tropical 
forests are going to respond,” says Grizelle 
Gonzalez, an ecologist at the International 
Institute of Tropical Forestry, run by USFS 
in San Juan. Tana Wood, a biogeochemist 
and ecologist at the institute, says she was 
trapped in her house for 2 days after Maria, 
and her research site was hit hard. “But sci- 
entifically, it’s incredibly exciting,” she says. 
“Tt’s a unique chance to look ahead.” 

Already the researchers have seen hints 
that as temperatures warm, forests may 
be slower to recover from damage. Other 
findings, from a long-term effort here to 
simulate hurricane damage, suggest more 
frequent major disturbances could also 
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make forest ecosystems less resilient, in 
part by causing the downed trees and 
branches to release their carbon into the air 
rather than the soil. That could fuel further 
climate change and extreme weather. 


STEPPING INTO EL YUNQUE used to offer re- 
lief from the ferocious sun. But now, Wood 
shades her eyes from the glare as she sur- 
veys new understory vegetation. Hurri- 
cane Maria destroyed the canopy that once 
blanketed the forest in cool darkness and 
shielded the experiment that Wood began in 
2016, a year before the storms. Her project, 
the Tropical Responses to Altered Climate 
Experiment (TRACE), tracks how increas- 
ing temperatures affect wet tropical for- 
ests. Because the world doesn’t warm much 
during the time scale of a research project, 
TRACE features an infrared heating system 
that warms understory plants and soils by 
4°C, fast-forwarding climate change. 

For Wood, El Yunque serves as a proxy for 
tropical forests worldwide, which account 
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Research sites in El Yunque National Forest were 
off-limits for days after Maria hit on 20 September 2017. 


for more than two-thirds of the planet’s 
terrestrial plant biomass and store about a 
third of the world’s soil carbon. Wood’s orig- 
inal goal for TRACE was to understand how 
warming might affect that storage capac- 
ity. In tropical forests, she says, “Any small 
change in the uptake or release of carbon 
dioxide can have disproportionately large 
effects on the concentration in the atmo- 
sphere.” Now, she and her team have a new 
opportunity: to evaluate whether the artifi- 
cial warming is affecting recovery from Irma 
and Maria’s damage. What the group finds 
could be an omen for Earth’s warmer future. 

Wood is monitoring multiple actors in the 
forest, including the fine roots that supply 
trees with water and nutrients. Although 
roots are protected from the wind, a hur- 
ricane can shred them, she notes. “In these 
huge gusts of wind, the trees are moving 
and twisting,’ pulling away from their roots. 
Roots also may suffer, she says, when a tree 
loses its leaves, where photosynthesis pro- 
duces sugars and starch. Because the roots 
don’t photosynthesize, they depend on leaves 
to nourish them. 

To see how well the fine roots are recover- 
ing from hurricane damage, the TRACE team 
lowers cameras through clear plastic pipes 
driven a meter into the soil. The research- 
ers also measure the infiltration of new roots 
into fresh soil packed into boreholes in the 
forest floor. “Our preliminary results are that 
we saw less root production in the warmed 
plots,’ Wood says. 

She speculates that a scarcity of stored 
carbohydrate in thicker, intact roots could be 
a factor. When a hurricane strips foliage and 
interrupts photosynthesis, trees can draw 
on that stored food to regenerate fine roots. 
But Wood and her colleagues have seen 
hints that before Maria, photosynthesis was 
slower in the warmed plots, possibly leaving 
the trees with a smaller reserve to fuel recov- 
ery. The idea, she says, is that “warming can 
stress vegetation, but it may not be observ- 
able until you have another stress on top of 
that’—namely, a hurricane. 

Either way, lagging root regrowth could 
mean the trees in warmed plots will recover 
more slowly and, as a result, will capture less 
carbon dioxide. And because root growth 
and die-off pumps carbon into the soil, last- 
ing damage could mean a loss of soil carbon. 

Other researchers have studied how warm- 
ing affects rainforest plants in the laboratory. 
What is unusual about TRACE, says tropical 
ecologist Jennifer Powers of the University of 
Minnesota in St. Paul, is that it tracks the ef- 
fects of warming amid the “full complexity of 
the coupled soil-plant ecosystem.” 
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ABOVE GROUND IN EL YUNQUE, trees that sur- 
vived the hurricane resemble bottle brushes, 
with new leaves sprouting from their trunks. 
The lush understory now reaches shoulder 
height in places and is “thicker and more 
dense than I have ever seen,” Wood says. On- 
going measurements will show whether the 
amount of foliage and the thickness of indi- 
vidual leaves have risen since the storm, per- 
haps for protection from drying or scorching 
under the storm-damaged canopy. More foli- 
age could boost carbon uptake—and perhaps 
counteract any reduction in carbon storage 
resulting from damaged roots. 

Wood’s team, which is funded to continue 
its work for another 3 years, is also track- 
ing another possible legacy of the storms: 
changes in species composition. By counting 
and identifying as many as 600 new seed- 


exposed it helped speed decomposition. 

The CTE team is dissecting the process. 
In some plots, the scientists deposited de- 
bris but left the canopy intact; in others, 
they used chain saws and shears to trim the 
canopy but hauled away all the branches and 
foliage. Still other plots got both treatments, 
mimicking the effects of a major storm. Af- 
ter a decade, plots that only received debris 
deposits showed a significant increase in soil 
organic matter. Fungi and minuscule ani- 
mals took up nutrients from the debris and 
returned them to the soil for plants to use. 
“That’s how the system kind of jump-starts 
and recovers,” Gonzalez says. 

Buton plots that experienced the hurricane- 
like treatment of both debris and canopy 
opening, intense sunshine and pelting rains 
disrupted the community of fungi and ani- 


A storm’s swath 


Landsat data sensitive to debris and exposed wood traced forest damage after Hurricane Maria swept across 
Puerto Rico on 20 September 2017. The storm destroyed or severely damaged as many as 31 million trees. 


Hurricane Maria 


PUERTO 
RICO 


lings in a single 4-meter plot, the research- 
ers are monitoring the fate of slow-growing, 
shade-tolerant plants, which could struggle 
to survive, and watching for nonnative spe- 
cies, which could decrease overall diversity. 
A shift in species could ultimately change the 
canopy structure, allowing more heat and 
light to reach the understory and exacerbat- 
ing climate warming. 

At an experimental site farther west, mean- 
while, Gonzalez is studying the fate of the 
carbon and other nutrients locked up in the 
hurricane debris. Here, backyard-size plots 
are carpeted with browned leaves, sticks, and 
decaying palm fronds—a mess left not just 
by Maria, but also by the Canopy Trimming 
Experiment (CTE), underway since 2004. The 
project was sparked by a striking observation 
after hurricanes Hugo and Georges in 1989 
and 1998, respectively: All the organic debris 
that the storms dumped onto the forest floor 
had decomposed within a year or two. Sci- 
entists suspected that the more intense sun 
and rain reaching the soil after the storms 
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mals. Microbes stepped in, sending much of 
the carbon back to the atmosphere. 

The results suggest “it’s kind of a race 
between the microbes and the physical pro- 
cesses that move that material down to the 
soil,’ says Whendee Silver, an ecologist and 
biogeochemist at the University of Califor- 
nia, Berkeley, whose CTE work indicates that 
the same carbon-stealing microbes might at- 
tack organic matter deeper in the soil. If the 
pace of disturbances accelerates, researchers 
note, the canopy would have less time to re- 
cover, and organic matter in the soil could 
dwindle along with the health of the forest. 

“One of our really big concerns is that, if 
hurricane frequency and intensity increase, 
it will slowly deplete these ecosystems of 
what they need to grow and survive,’ Silver 
says. That could be bad news—not just for 
this lush corner of Puerto Rico, but for the 
planet as a whole. & 


Sarah Amandolare is a journalist based in 
New Paltz, New York. 
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Gaia 2.0 


Could humans add some 
level of self-awareness 
to Earth's self-regulation? 


By Timothy M. Lenton! and Bruno Latour? 


ccording to Lovelock and Margu- 
lis’s Gaia hypothesis, living things 
are part of a planetary-scale self- 
regulating system that has main- 
tained habitable conditions for the 
past 3.5 billion years (J, 2). Gaia has 
operated without foresight or planning on 
the part of organisms, but the evolution of 
humans and their technology are changing 
that. Earth has now entered a new epoch 


1Global Systems Institute, University of Exeter, Exeter EX4 
AQE, UK. Sciences Po, 75337 Paris Cedex 07, France. 
Email: t.m.lenton@exeter.ac.uk 
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called the Anthropocene (3), and humans 
are beginning to become aware of the 
global consequences of their actions. As 
a result, deliberate self-regulation—from 
personal action to global geoengineering 
schemes—is either happening or immi- 
nently possible. Making such conscious 
choices to operate within Gaia constitutes 
a fundamental new state of Gaia, which we 
call Gaia 2.0. By emphasizing the agency 
of life-forms and their ability to set goals, 
Gaia 2.0 may be an effective framework for 
fostering global sustainability. 

At first sight, the potential for a success- 
ful Gaia 2.0 does not seem promising. De- 
spite large-scale mobilization of scientists, 
activists, and citizens, large parts of the hu- 
man population are indifferent to the An- 
thropocene, and many deny anthropogenic 
climate change (4). In addition, there is no 
proof that consciousness in this context is 
anything but the belated and retrospective 
realization that mistakes had been made 
and might be partially redressed. Indeed, 
the first formulation of the Gaia hypoth- 
esis (J) is almost exactly contemporary with 
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The commercial Earth observation satellite 
WorldView-4 has been providing high-resolution 
imagery since its launch in 2016 from Vandenberg 
Air Force Base in California. 


what is now seen as the start of the Anthro- 
pocene (3). Furthermore, the examples of 
social Darwinism, sociobiology, and dia- 
lectical materialism suggest that drawing 
political lessons from nature is problematic. 

Nevertheless, it is important to have a sec- 
ond look at the connection between the orig- 
inal Gaia concept and a possible Gaia 2.0, 
because the original Gaia has many traits 
that were not detectable in earlier notions 
of nature associated with the development 
of Western civilization. Before the Anthro- 
pocene, Western societies saw themselves as 
the only conscious agents in a passive mate- 
rial environment. Today, they must cope with 
the brutal reactions of living organisms that 
are continually reshaping their surround- 
ings, creating in part their own conditions 
for survival (4, 5). Gaia thus establishes a 
new continuity between humans and nonhu- 
mans that was not visible before—a relation 
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between free agents (4). This understanding 
offers the potential to learn from features 
of Gaia to create a Gaia 2.0. We focus here 
on three of these features: autotrophy, net- 
works, and heterarchy. 


AUTOTROPHY 

Autotrophs use free energy to continu- 
ally remake themselves out of simple 
substances that are present in their sur- 
roundings. Earth’s surface, where most of 
the biosphere resides, is a very nearly ma- 
terially closed system. Hence, like an auto- 
troph, the collective flourishing of life for 
the past 3.5 billion years has depended on 
the internal recycling of materials, powered 
by solar energy (6). The origin of these ma- 
terial recycling loops is at least partially un- 
derstood (7). There needs to be a source of 
free energy to support recycling, which usu- 
ally comes from the Sun and enters the sys- 
tem via photosynthetic primary producers. 
Recycling is built on metabolic by-products, 
with one organism’s waste becoming anoth- 
er’s food. Closure of a recycling loop trig- 
gers a self-perpetuating feedback process: 
The participants in the recycling loop are 
no longer limited by what comes into their 
world, but rather by how efficiently they can 
recycle resources. For example, coral reefs 
and the Amazon rainforest thrive on recy- 
cling in otherwise low-nutrient conditions. 

If, by contrast, we consider the state of the 
technosphere in the Anthropocene (5), an 
audit made by Gaia would question the pur- 
ported quality of many innovations and note 
that from an engineering standpoint, they 
perform poorly. Humans currently extract 
fossil energy, rock phosphate, and other raw 
materials from Earth’s crust far faster than 
they would normally come to the surface, and 
then dump the waste products on land, in the 
atmosphere, and in the ocean. Compared to 
Gaia, this is a very poorly coupled and unsus- 
tainable set of inventions. 

This does not mean that humans should 
stop inventing, but rather that engineering 
should shift attention to become as smart 
as Gaia in achieving nearly closed material 
cycling powered by sustainable energy. The 
input of solar energy has the potential to 
far outstrip current fossil energy consump- 
tion, and renewables are rapidly becoming 
cost-competitive with fossil fuel energy 
for electricity generation (8). There should 
thus be no long-term shortage of energy. 
The challenge is to design and incentiv- 
ize a transition to a circular economy. As 
in the original Gaia, this must be built on 
waste products becoming useful resources 
to make new products. Despite practical 
obstacles and thermodynamic constraints, 
there is huge potential to increase material 
recycling in Gaia 2.0 (9). 
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NETWORKS 

Gaia was built by adaptive networks of mi- 
crobial actors that exchanged materials, 
electrons, and information (JO), the latter 
through ubiquitous horizontal gene transfer. 
These microbial networks form the basis of 
the recycling loops that make up global bio- 
geochemical cycles. Functional roles in these 
networks have been retained even when the 
taxa performing them were replaced (11). 
Therefore, sufficient biodiversity to provide 
functional redundancy contributes to the ro- 
bust self-regulation of Gaia. 

Microbial networks also created long-lived 
products that sometimes accumulated glob- 
ally—notably oxygen in the atmosphere. This 
in turn facilitated an increase in the 
diversity of life and metabolisms 
and enabled the evolution of new 
levels of biological organization and 
connectedness (6), with new mecha- 
nisms of coordination. Humans and 
our adaptive social networks are the 
latest realization of this process. 

In Gaia 2.0, horizontal transfer 
of information, functional diversity 
with redundancy, and distributed control will 
likely be important to a successful circular 
economy. The challenge is to support diverse, 
autocatalytic networks of human agents that 
can propel transformations toward goals 
such as sustainable energy, fueling the ef- 
ficient cycling of resources. This is particu- 
larly challenging given a social and economic 
paradigm of short-term localized gain and 
relatively weak global, unifying, long-term 
structures to counteract this paradigm. 


HETERARCHY 
Depending on the scale and time span con- 
sidered, completely different mechanisms are 
at work within Gaia (7). This heterarchy is 
particularly visible in the climate regulation 
that has received so much political attention 
of late. Some of Earth’s climate self-regulation 
mechanisms (6) are purely physical and chem- 
ical, but many involve biology. On time scales 
of hundreds of thousands of years, changes in 
global temperature are counteracted by bio- 
logically amplified changes in the removal of 
CO, by silicate weathering. On intermediate 
time scales of millennia, the dissolution of 
carbonate sediments on land and the ocean 
floor increases CO, storage in the ocean. On 
even shorter time scales of years to centuries, 
land and ocean carbon sinks roughly halve 
the rate of CO, rise and climate change. 
Thus, each mechanism in Gaia has its own 
capacity for resistance and expansion. Natu- 
ral selection can only help to explain envi- 
ronmental regulation at small scales of space 
and time (7). At large space and time scales, 
simpler dynamical mechanisms are at play 
(7): Systems that find self-stabilizing configu- 
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rations tend to persist (12), and systems that 
persist have a greater likelihood of acquiring 
further persistence-enhancing properties (17, 
13). Through these cruder selection mecha- 
nisms, Earth may have acquired and accu- 
mulated stabilizing feedback mechanisms 
involving life (7). 

The upshot is that Gaia’s self-regulation of 
climate is probably fairly crude compared to 
its efficient recycling of resources. The recent 
glacial-interglacial cycles indicate that the cli- 
mate system can be quite unstable and thus 
vulnerable to human interference, which has 
already increased atmospheric CO, to levels 
last seen 3 to 5 million years ago. This het- 
erarchy of mechanisms of different reliability 
makes the task of Gaia 2.0 to resta- 
bilize the climate especially daunt- 
ing. Simultaneously, humans are 
altering nutrient cycles relatively 
more than the carbon cycle, posing 
an additional challenge for Gaia 
2.0 to restabilize nutrient cycling. 

Implementation of alternative 
forms of climate control to reduce 
production of CO, or augment ex- 
isting feedbacks (J4) depends on who is in 
charge of such voluntary activity. The results 
would clearly be different if the Intergovern- 
mental Panel on Climate Change, President 
Putin, the California legislature, or President 
Trump had their finger on the proverbial 
thermostat. In reality, all these agents and 
many others have some grip on the thermo- 
stat, and their combined effect is not simple 
to predict. 


POLITICS 

Drawing a parallel between the original Gaia 
concept and a possible Gaia 2.0 gives an oc- 
casion to reevaluate our collective goals, as 
well as the means of achieving them. A cen- 
tral goal for this century is surely to achieve 
a flourishing future for all life on this planet, 
including a projected 9 to 11 billion people. 
Human flourishing is not possible without a 
biodiverse, life-sustaining Earth system. This 
is recognized in the United Nations’ 17 Sus- 
tainable Development Goals. But achieving 
those goals requires that human societies ex- 
ercise self-aware self-regulation (14). 

Yet, maintaining a self-regulating, human 
life-supporting planet is not the primary goal 
of some dominant modes of collective human 
activity today. Despite a flood of monitor- 
ing information, present industrial societ- 
ies seem less able to track changes in their 
environment than the life-forms that com- 
pose Gaia, because that information is often 
ignored where it matters by those in power. 
It’s as if purposelessness had shifted from the 
natural to the social domain. 

There is clearly at this point a political 
question of orientation toward or away 


14 SEPTEMBER 2018 ¢ VOL 361 ISSUE 6407 1067 


8LOZ ‘Z| 4equiajdas uo /Bio bewedua!os soualos//:djjy wos papeojumMog 


INSIGHTS | PERSPECTIVES 


from the lessons to be drawn from Gaia. 
The resulting conflict takes precedence 
over all others. The climate science contro- 
versies demonstrate that scientists are now 
drawn into knowledge and power struggles 
for which they are not well prepared. Yet, 
people inspired by Gaia will not necessarily 
be endowed with deeper foresight. In mat- 
ters of politics, it is prudent to follow John 
Dewey’s advice (15) that we cannot expect to 
know the best solution in advance, but only 
that we can improve the quality of the sen- 
sors—both instruments and people—that 
detect shortcomings and the speed with 
which we rectify the course. If in politics 
the blind lead the blind, then hope rests on 
finding the best way to activate the white 
cane to fumble in the dark. 

This is where the scientific establishment 
will play a crucial role in multiplying the 
sensors, improving their qualities, speeding 
the dissemination of their results, improving 
models, and proposing alternative explana- 
tions to phenomena. Such an infrastructure 
cannot, however, be limited to scientists: 
They must collaborate with citizens, activ- 
ists, and politicians to quickly realize where 
things are going wrong. 

Creating an infrastructure of sensors that 
allows tracking the lag time between environ- 
mental changes and reactions of societies is 
the only practical way in which we can hope 
to add some self-awareness to Gaia’s self-reg- 
ulation. This framing of the problem gives a 
clear ethical direction: Any attempt to tam- 
per with the sensors or slow down the reac- 
tion to errors jeopardizes the chance to learn 
from Gaia how to close the loops that would 
enable Gaia 2.0 to better sustain the human 
population than the present world. 
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PLANT BIOLOGY 


Nervous system-like signaling 
in plant defense 


Herbivory induces rapid long-distance calcium signals 
through glutamate-like receptors 


By Gloria K. Muday and 
Heather Brown-Harding 


he ability to initiate a rapid defense 
against biotic attacks and mechani- 
cal damage is critical for all organ- 
isms. Multicellular organisms have 
developed mechanisms to systemi- 
cally communicate the occurrence 
of a wound to help them escape or defend 
themselves from predators. Because plants 
are stationary and cannot escape herbivory, 
they must respond with chemical defenses 
to deter herbivores and repair damaged tis- 
sue. On page 1112 of this issue, Toyota et al. 
(J) report long-distance calcium ion signal- 
ing in the model plant Arabidopsis thali- 
ana in response to caterpillar herbivory 
or mechanical wounding (see the image). 
They uncover long-distance calcium signals 
that require glutamate-like receptor (GLR) 
channels for signal propagation. These chan- 
nels are activated by extracellular glutamate, 
a well-known mammalian neurotransmitter 
and a more recently uncovered developmen- 
tal signal in plants (2). In mammals, gluta- 
mate receptors are central to fast excitatory 
neurotransmission, which is an intriguing 
parallel to their role as long-distance signals 
in wounding and defense in plants. 
This study combines genetic and imaging 
approaches to reveal a rapid and long-dis- 
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tance signaling pathway that communicates 
leaf damage to intact leaves that are spa- 
tially and developmentally distant from the 
wounded leaf. Toyota et al. detect increased 
calcium signals at the site of both herbivory 
and mechanical wounding within 2 s and in 
distant leaves within 2 min after damage. 
This signal moves through the plant vascu- 
lature at rates of ~1 mm/s, which is faster 
than can be explained by diffusion. This 
systemic calcium response can be induced 
through application of glutamate, but not 
with other amino acids, suggesting a role 
of GLRs. These GLRs are ion channels that 
open upon binding glutamate to allow cal- 
cium influx. Toyota et al. demonstrate that 
this long-distance signaling is lost in plants 
with mutations in GLR3.3 and GLR3.6. 
These GLRs have sequence and structural 
similarity to mammalian ionotropic gluta- 
mate receptors (iGRs), which are critical in 
learning and memory in mammals, suggest- 
ing that very different physiological pro- 
cesses can be mediated by related proteins 
from the plant and animal kingdoms. 

This work builds on detailed structural 
and functional characterization of mam- 
malian iGRs (3). Plant GLRs and animal 
iGRs have similarities in structure and 
abundance in genomes (4, 5). The plant 
GLR genes are classified into three clades: 
GLR3.3 and GLR3.6 are in the third clade 
and have a “gate” domain, where glutamate 
is predicted to bind and open the channel, 
with the highest similarity to mammalian 
iGRs (4). One member of clade 3, the plasma 


sciencemag.org SCIENCE 


PHOTO: M. TOYOTA ETAL. (1) 


8LOZ? ‘Z| 4equiajdas uo /6io bewaeoua!os aoualos//:djjy wos papeojuMOGg 


The rapid wound-induced spread of a 
calcium signal is visualized using a genetically 
encoded reporter. Scale bar, 1 mm. 


membrane-localized GLR3.4 protein, is the 
only plant GLR for which ion channel activ- 
ity and gating by glutamate has been dem- 
onstrated (6). Clade 3 GLRs also are the only 
GLRs to contain a motif found in metabo- 
tropic glutamate receptors (mGluRs) (4). 
mGluRs function in a diversity of processes, 
including responses to pain and noxious 
stimuli (7, 8), which are related to wound- 
ing responses. Whether these particular 
features of the GLR3s in plants tie them to 
their function in wounding 
or other processes awaits 
further investigation. 

An important question 


“a rapid and long- 


in leaves distant from the wound site (J, 10), 
leading to the accumulation of jasmonates, 
which convey host resistance to various in- 
vading organisms (9). Additional experi- 
ments are needed to determine whether the 
rate of long-distance glutamate movement is 
sufficient to drive the rapid long-distance cal- 
cium changes. 

The findings of Toyota et al. are only pos- 
sible because of the powerful advances in 
microscopy and biosensors that were used 
for these observations. The authors used two 
calcium ion sensors and a glutamate sensor 
visualized by means of imaging approaches 
that allow detection of the dynamics of 
rapidly transmitted long- 
distance signals. The avail- 
ability of a microscope that 
can capture a large field of 


raised by this study is,how qistance signaling view with a highly efficient 
does this long-distance cal- h camera that is_ sensitive 
cium signal move through p at way... enough to detect relatively 
the plant? In the mamma- communicates leaf weak fluorescence, and that 
lian nervous system, gluta- is capable of time-lapse im- 
mate is a local signal that damage to aging to capture rapid sig- 
induces a_ long-distance intact leaves...” nal transduction, provides 


ionic response. Glutamate 

is released into the nerve 

synapse from synaptic vesicles, where it binds 
to iGRs on the postsynaptic neuron, opening 
these ion channels and allowing influx of cal- 
cium ions and other cations. The ion influx 
induces membrane potential changes that 
lead to signal propagation (3). The results 
of Toyota et al. suggest an endocrine action 
of glutamate, which is dissimilar from glu- 
tamate as a neurotransmitter in mammals 
and more akin to a hormonal role of gluta- 
mate. This mode of action is supported by 
the observations that the fluorescent calcium 
ion reporter GCaMP3 localizes to the vascu- 
lature and that GLR3.6 is found in the cells 
that line the vasculature, where other wound- 
signaling molecules, such as jasmonates, are 
synthesized (9). A fluorescent glutamate sen- 
sor was also used to show that glutamate was 
increased at the site of wounding; this signal 
extends along the vasculature and exits the 
leaf after wounding, which is consistent with 
a mobile glutamate signal. These results sug- 
gest a model in which herbivore and mechan- 
ical wounding releases glutamate into the 
vascular system, where it can travel long dis- 
tances and activate GLR3 ion channels in the 
plasma membrane of cells that line the vascu- 
lature. This increases the calcium ion influx 
into these cells. Consistent with this model, 
GLR3.3 and GLR3.6 were previously shown 
to be required for systemic wound-activated 
surface potential changes that are linked to 
the predicted behavior of these proteins as 
gated ion channels (10-12). GLR3 activity is 
required for the increased synthesis of en- 
zymes of the jasmonate biosynthesis pathway 
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insight that was not previ- 
ously possible. 

This combination of approaches has the 
potential to provide additional evidence for 
the importance of glutamate and GLRs in 
plant signaling (2). Future experiments are 
needed to resolve whether glutamate is mov- 
ing long distances rather than acting via the 
localized release and long-distance propaga- 
tion of ionic signals. In addition to measuring 
long-distance glutamate biosensor changes, 
another approach is to use labeled glutamate 
to show that this amino acid is released at 
wounds and travels through the vasculature 
to distant undamaged leaves to initiate de- 
fense responses. The possibility that gluta- 
mate may participate in systemic signaling to 
modulate developmental and environmental 
responses across the plant kingdom is an ex- 
citing avenue for future studies. 
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GENETICS 


A pinch of 
RNA spices up 
DNA repair 


‘Transient incorporation 
of RNA precursors 
helps fix broken DNA 


By Mauro Modesti 


hen DNA is replicated by DNA 

polymerases, deoxyribonucleo- 

tides are incorporated, whereas 

when DNA is transcribed by RNA 

polymerases, ribonucleotides are 

used. The misincorporation of ri- 
bonucleotides into DNA occurs frequently 
during DNA replication (J). However, the 
presence of ribonucleotides in DNA makes 
it more fragile and threatens genome 
stability that needs to be maintained for 
faithful transmission of genetic informa- 
tion. To counteract this, cells have evolved 
efficient ribonucleotide removal strategies 
that rely on ribonuclease H2 (RNase H2) 
(2). On page 1126 of this issue, Pryor et al. 
(3) report the surprising discovery that ri- 
bonucleotides are frequently incorporated 
at broken DNA ends, which enhances re- 
pair. This important finding overturns the 
central dogma of molecular biology by 
demonstrating that transient incorpora- 
tion of ribonucleotides in DNA has a bio- 
logical function. 

DNA double-strand breaks (DSBs) in 
the genome arise through the action of 
external agents such as exposure to ion- 
izing radiation or clastogenic chemicals. 
They are also caused endogenously by 
reactive oxygen species produced during 
oxidative metabolism or when DNA rep- 
lication forks collapse. In addition, DSBs 
initiate programmed genome rearrange- 
ments including V(D)J recombination in 
developing lymphocytes that shuffles an- 
tigen and T cell receptor gene segments 
during the adaptive immune response; or 
during the process of meiotic recombina- 
tion in germ cells. DSBs are repaired ei- 
ther by homologous recombination or by 
nonhomologous end joining (NHEJ) path- 
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ways. In mammals, the canonical 
NHEJ (c-NHEJ) pathway primarily 
repairs DSBs induced by exposure to 
ionizing radiation or by the endonu- 
clease encoded by the recombination- 
activating genes 1 and 2 that initiates 
V(D)J recombination (4). Individuals 
with deficiencies in c-NHEJ suffer 
from radiosensitive severe combined 
immunodeficiency disorders and ge- 
nome instability that leads to delete- 
rious chromosomal aberrations. 

DSBs induced by exposure to ion- 
izing radiation and V(D)J recom- 
bination have complex DNA end 
structures that require processing by 
nucleases and DNA polymerases to 
generate suitable substrates for the 
c-NHEJ pathway component DNA 
ligase 4 (LIG4), which joins DNA 
ends by phosphodiester bond cataly- 
sis. Among the DNA processing en- 
zymes involved in c-NHEJ, X-family 
polymerases, including the ubiqui- 
tous DNA polymerase pw (Pol p) and 
lymphocyte-specific terminal deoxy- 
nucleotidyl transferase (TdT), are key 
for the ability of c-NHEJ to adapt to 
complex end structures at broken 
termini (5, 6). However, Pol 1 and TdT are 
special DNA polymerases because they are 
poor at discriminating the sugar moiety 
(ribose or deoxyribose) of the nucleotide 
used during DNA synthesis at broken DNA 
ends. In vitro, both enzymes can incorpo- 
rate ribonucleotides almost as efficiently 
as deoxyribonucleotides into DNA (7 8). 
Therefore, Pryor et al. examined whether 
ribonucleotides are incorporated during c- 
NHEJ in mouse fibroblasts and pre-B cells, 
and if so, how this affects NHEJ. 

The authors found that ribonucleo- 
tides are frequently incorporated during 
c-NHEJ, during V(D)J recombination and 
DSB repair of simple blunt-ended DSBs in- 
duced by CRISPR-Cas9 (which is used for 
genome editing) but that are extended by 
TdT. Within 1 minute, up to 60% of DSB 
junctions contained ribonucleotides, but 
ribonucleotides were absent at repaired 
DSBs 30 minutes later. Ribonucleotide in- 
corporation was dependent on Pol pw (one 
ribonucleotide incorporated per junction) 
and TdT (average of 2.7 nucleotides incor- 
porated per junction, likely all ribonucleo- 
tides), and their removal dependent on 
RNase H2. 

What is the advantage of incorporat- 
ing ribonucleotides during DSB repair by 
c-NHEJ? Pryor et al. find that the presence 
of a terminal ribonucleotide favors direct 
ligation of complex mispaired DNA end 
structures, which are typically formed by 
exposure to ionizing radiation and V(D)J 
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Model of the ribo-NHEJ mechanism 


Pryor et al. propose that DSBs with complex ends are repaired 
by a rapid and coordinated triple strand repair mechanism. 
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recombination. Moreover, a terminal ribo- 
nucleotide uniquely stimulates ligation by 
LIG4. Thus, ribonucleotide addition may 
help channel repair to the c-NHEJ path- 
way as opposed to other DSB repair path- 
ways, such as alternative NHEJ (a-NHEJ) 
or homologous recombination that rely on 
complementarity base pairing to connect 
the broken ends. Additionally, c-NHEJ 
is faster than the other DSB repair path- 
ways (9) and given that ribonucleotides are 
more abundant than deoxyribonucleotides 
inside cells, incorporation of ribonucleo- 
tides might allow rapid repair kinetics so 
that interference with DNA replication or 
transcription is minimized and rejoining 
unrelated DSB ends is avoided. 

What is the mechanism of this ribo- 
NHEJ pathway? The authors propose a 
triple strand repair model (see the fig- 
ure), involving sequential strand repair 
whereby, after a ribonucleotide is added 
by Pol w or TdT to the 3’ end of the DSB 
end, strand continuity is restored by LIG4; 
this is followed by repair, by undetermined 
enzymes, of the other strand through ad- 
dition of deoxyribonucleotides; and fi- 
nally, the ribonucleotides are excised in an 
RNase H2-dependent process. The entire 
pathway is so rapid that the authors sug- 
gest that this triple strand repair process 
is tightly coordinated and may involve in- 
teraction between components of different 
DNA repair pathways. Interestingly, the 
a-NHEJ DNA repair proteins poly(ADP- 
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ribose) polymerase 1 (PARP1), LIG3, 
and XRCCI1 (x-ray repair cross-com- 
plementing protein 1) interact with 
c-NHEJ components (10, 11). These 
factors could be involved in the sec- 
ond strand repair step of ribo-NHEJ. 
Advanced super-resolution micros- 
copy has enabled direct visualiza- 
tion of NHEJ components at DSBs in 
cells (12) and should now be used to 
identify and probe the recruitment 
of the ribo-NHEJ components. It will 
also be important to determine how 
ribo-NHEJ components functionally 
interact with other DNA repair fac- 
tors. Pryor et al. show that when high 
levels of deoxyribonucleotides are ar- 
tificially introduced in cells, c-NHEJ 
is impaired and thus nucleotide pool 
imbalances, often detected in cancer 
cells and regulated during cell cycle 
progression, could influence DSB re- 
pair pathway choice. 

Moreover, further detailed analysis 
of the ribo-NHEJ machinery should 
help design strategies for genome 
editing with CRISPR-Cas9. Pryor et 
al. paved the way toward that goal 
by showing that coexpression of TdT 
and Cas9 changes the sequence spectra of 
NHEJ junctions by increasing the frequen- 
cies of two nucleotide insertions, which 
could facilitate gene deletion studies. 

Beneficial roles for ribonucleotide in- 
corporation in DNA have been identified 
previously (73). For example, ribonucleo- 
tide incorporation in DNA was implicated 
in mating-type switching in yeast, and for 
helping strand discrimination during DNA 
mismatch repair in eukaryotic cells. It is 
likely that further studies will unveil other 
physiological roles for ribonucleotide in- 
corporation in DNA. 
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PROTEIN ENGINEERING 


Revving up an artificial metalloenzyme 


An engineered metalloenzyme shows promising catalytic activity for sulfite reduction 


By Kyle M. Lancaster 


norganic oxyanions such as _ perchlo- 

rate, nitrate, and arsenate are aqueous 

contaminants that are environmen- 

tally persistent and easily taken up by 

biological organisms (1). For example, 

perchlorate, a common ingredient in 
products including rocket fuels, muni- 
tions, and fertilizers, interferes with hu- 
man thyroid function when ingested from 
contaminated drinking water or food (2). 
Another oxyanion of concern is the fertil- 
izer component nitrate, which leaks from 
agricultural soil into the water table and 
promotes eutrophication in aquatic envi- 
ronments (3). Oxyanion decontamination 
is thus a key challenge facing chemists in 
the 21st century. On page 1098 of this is- 
sue, Mirts et al. report a landmark study in 
protein engineering that affords valuable 
insights into future solutions for oxyanion 
remediation (4). 

Conversion of oxyanions to more benign 
species requires selective, multielectron 
reduction processes. Such processes are 
mainly driven by redox-active transition 
metals. However, many oxyanions bind 
weakly, if at all, to transition metals. Nev- 
ertheless, numerous strategies have been 
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introduced for the sequestration and/or 
detoxification of harmful oxyanions. These 
strategies include accumulation in metal- 
organic frameworks or reduction via ho- 
mogeneous transition metal catalysts (5, 6). 
However, these approaches can be stymied 
when oxyanions occur as mixtures. For ex- 
ample, the relatively environmentally be- 
nign sulfite (SO,”) ions can interfere with 
the aforementioned remediation strategies 
(7), and methods for selective sulfite re- 
moval would thus be useful. This is the is- 
sue that Mirts et al. address. 

As with many valuable chemical reactions, 
biological systems have evolved a solution 
to sulfite reduction: the metalloenzyme sul- 
fite reductase (SiR), an enzyme that is found 
in diverse organisms and is a key player in 
the biogeochemical sulfur cycle. SiR bears a 
siroheme cofactor at which sulfite is reduced, 
as well as a four-Fe, four-S ([4Fe-4S]) cluster 
that provides the electrons needed for the re- 
action (8). These features enable the enzyme 
to reduce sulfite all the way to hydrosulfide 
(SH_), involving addition of six electrons: 


sO,” + 6e + 7H*>SH + 3H,O (1) 


Selectivity for SH- production varies be- 
tween assimilatory SiR enzymes (involved 
in biosynthesis) and dissimilatory SiR en- 
zymes (involved in respiration); the latter 
yield far broader product distributions that 


span different sulfur oxidation states (8). 


Synthetic models bearing both heme 
and [4Fe-4S] have been reported, but these 
systems cannot catalyze sulfite reduction 
(9). This behavior reflects an often en- 
countered phenomenon in bioinorganic 
chemistry: Structural reproduction of 
metalloenzyme active sites is seldom suf- 
ficient for promoting the desired reactivity. 
The metalloprotein matrix has precisely 
tuned second-sphere motifs with defined 
electrostatics and medium polarity that 
enmesh the cofactors and that are vital for 
effective catalysis (10). 

To elucidate the missing ingredients that 
differentiate a synthetic heme-[4Fe-4S] con- 
jugate from a functional SiR enzyme, Mirts 
et al. took a bottom-up approach (see the 
figure). The authors first reconstituted metal- 
locofactors within a surrogate protein matrix. 
They chose yeast cytochrome c peroxidase 
(CcP) because it bears a large pocket beneath 
its heme cofactor that could potentially har- 
bor a [4Fe-4S] cluster. Using protein design 
software, they engineered a CcP variant with 
[4Fe-4S]-binding cysteine residues in this 
pocket. Spectroscopic and other analytical 
methods verified that this variant, heme-FeS- 
SiRCcP.1, binds both a [4Fe-4S] cluster and a 
heme b cofactor. Simply adding this [4Fe-4S] 
to the already heme-containing CcP heme 
was sufficient to imbue SiR reactivity, albeit 
poor (see the figure). 

To enhance reactivity, the authors ex- 
panded their design parameter space be- 


Protein engineering of metalloenzyme catalytic activity 
The enzyme SiR can reduce sulfite all the way to hydrosulfide, a process that involves the addition of six electrons. Mirts et al. have engineered a protein 

that can catalyze this reaction, although the activity remains lower than that of the natural benchmark protein. The engineered protein provides insight into 
the components that are needed for successful catalysis. 
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yond the metallocofactors. Native SiR 
substrate binding pockets contain lysine 
and arginine residues that are thought to 
help compensate for the weak binding of 
sulfite to transition metals. By introducing 
these substitutions to produce a variant 
termed K+R-heme-FeS-SiRCcP.1, the au- 
thors raised the activity somewhat (see the 
figure). Subsequent variants capitalized on 
the profound effect of second-sphere hy- 
drogen-bonding and electrostatics over the 
reduction potentials of metallocofactors 
(10). Specifically, mutating a native valine 
to asparagine or cysteine residues, which 
can form hydrogen bonds to one sulfide of 
the [4Fe-4S] cluster, markedly increased 
activity. One such variant, K+R-heme-FeS- 
SiRCcP.3, exhibited the highest activity in 
the study (see the figure). However, this 
is still far below the benchmark value for 
Escherichia coli SiR. Furthermore, design 
features that promote selectivity for full 
six-electron reduction of sulfite remain to 
be identified. The influence of heme b sub- 
stitution for siroheme also merits further 
investigation. 

The study by Mirts et al. is a milestone 
in the use of metalloprotein engineering 
as a tool to guide catalyst design. It joins 
other recent achievements such as the use 
of artificial metalloproteins to elucidate 
hydrogenase mechanisms (J/) or to drive 
unnatural chemical transformations such 
as C-Si bond formation (72). This sculpt- 
ing of protein scaffolds and repurposing 
of ancient metallocofactors provides key 
insights that will empower catalyst design 
toward solving pressing needs, such as 
oxyanion remediation. 
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Enantioselective four- 
component Ugi reactions 


A chiral organocatalyst condenses 
four reactants with stereochemical control 


By Renata Riva 


n 1921, Passerini (7) reported the reac- 
tion that combines an isocyanide with 
a carbonyl compound (usually an alde- 
hyde) and a carboxylic acid to give a 
depsipeptide (see the figure). This reac- 
tion was the first reported example of 
a multicomponent reaction (MCR)—one 
where the product contains essential parts 
of all of the reactants with the simultaneous 
generation of several new bonds—based on 
isocyanides. Such reactions based on isocy- 
anides are called IMCRs. For several years, 
this reaction received only scant attention; 
the bad smell of the low-molecular weight 
isocyanides likely discouraged chemists 
from exploiting their reactivity. In 1959, the 
Ugi reaction was reported, 
in which a fourth compo- 


at will with the introduction of a high variety 
of decorations, which allows for a diversity- 
oriented approach. However, there are also 
some drawbacks with IMCRs. The scaffold 
obtained through the MCR is invariably 
a peptide-like or a depsipeptide skeleton, 
which limits the structural variety of the new 
molecules. Also, a stereogenic center is usu- 
ally generated, so stereochemical issues must 
be considered, including diastereoselectivity 
(if at least one reagent is chiral) and enanti- 
oselectivity (if all of the reagents are achiral). 

Several strategies to increase the scaffold 
diversity are available. The most versatile 
is represented by postcondensation trans- 
formations that can occur if one or two ad- 
ditional functional groups are present (4). 
These chemical transformations offer great 
opportunities to synthe- 
size new heterocycles that 
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of : jean cele efforts in the a oe In — 
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report an enantioselective four -component in IMCR chemistry is the 
organocatalytic four-com- Ugi reaction had control of the configura- 


ponent Ugi reaction. 

In MCRs, if a stereogenic 
center is created, it forms 
as racemic compounds that must undergo 
chiral separation. The Ugi reaction, like 
many other MCRs, has received increasing 
attention because of the advantages relative 
to linear syntheses leading to similar scaf- 
folds. First, a one-pot procedure that builds 
very complex structures in a highly conver- 
gent manner ensures atom economy (maxi- 
mizing the number of reactant atoms that 
end up in the product) and step economy 
(minimizing the number of reactions needed 
to get to the final product). Second, the reac- 
tion conditions are very mild; in most cases, 
the use of protecting groups is unnecessary 
even if bifunctional reagents are used. Fi- 
nally, the structure of the fragments bearing 
the needed functional groups can be varied 
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tion of the new stereogenic 
center. In the last half 
century, extensive studies 
on either diastereoselectivity or enantiose- 
lectivity control of many organic reactions 
have been reported, but the solution to these 
problems within MCRs is more difficult. The 
complexity of the reaction mechanism plays 
a crucial role. One possibility is to use chiral, 
enantiomerically pure reagents to achieve a 
substrate-controlled diastereoselection. This 
goal can be realized by using chiral inputs 
obtained from the chiral pool or by using 
biocatalytic or organocatalytic procedures, 
which could yield green MCRs (8). 

The Passerini and Ugi reactions can in 
principle be run with control of the enanti- 
oselectivity in the presence of a chiral me- 
diator, possibly a catalyst. However, some 
intrinsic characteristics of IMCRs hamper 
this approach. Both reactions can proceed 
spontaneously under appropriate conditions, 
and these competing background reactions 
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can have an impact on the enantiomeric ex- 
cess. The activation responsible for the en- 
antioselectivity must occur on the carbonyl 
(Passerini reaction) or on the imine (the first 
intermediate, arising from the condensation 
of the aldehyde with the amine, in the Ugi 
reaction) before the formation of the new 
stereogenic center. If a Lewis acid is used, a 
competition with other basic groups can oc- 
cur, or, if a Bronsted acidic catalyst is used, 
the competition with the achiral carboxylic 
acid can become important. Finally, if a metal 
surrounded by a chiral ligand is used, the co- 
ordination of the isocyanide may negatively 
influence the reaction pathway. 

After some pioneering work published in 
2003 by Denmark and Fan (9), several groups 
studied the catalytic asymmetric approach to 
IMCRs. Despite many efforts in the interven- 
ing 15 years, the enantioselective four-com- 
ponent Ugi reaction had remained elusive, 
although brilliant solutions were found for 
the catalytic enantioselective version of some 
Passerini- or Ugi-type reactions [for a recent 
review, see (J0)]. These reactions are in most 
cases performed in the absence of the carbox- 
ylic acid and different scaffolds are obtained 
(for example, 5-aminooxazoles). 

The previous achievements in the field of 
IMCRs and the development of very efficient 
organocatalytic procedures that can activate 
several electrophilic species, including im- 
ines, provided Zhang et al. with important 
groundwork. The catalytic effect was ensured 
by choosing a Bronsted acid, with a higher 
acidity than the carboxylic acid reactant. 
More difficult was the optimization of the 
structure of the catalyst in order to obtain 
an efficient control of the enantioselectivity. 
Only by fine-tuning with the development of 
a new family of complex chiral phosphoric 
acids were they able to meet this formidable 


challenge. The methodology is robust, as a 
library of more than 80 a-acylaminoamides 
was synthesized in good to excellent enan- 
tiomeric excess. Moreover, density functional 
theory calculations were useful for under- 
standing the mechanism of the reaction and 
the reasons for the enantioselectivity and of- 
fered insight into further investigations. 

Especially in the field of medicinal chem- 
istry, the need for enantiomerically pure 
compounds is of paramount importance. A 
robust and efficient catalytic enantioselective 
procedure like that demonstrated by Zhang et 
al. is in principle the most helpful approach. 
Diastereoselective procedures usually suf- 
fer from a narrower scope because stereo- 
chemical control is sometimes limited only 
to a specific class of compounds. Finally, the 
possibility of elaborating these enantiomeri- 
cally pure products through postcondensa- 
tion transformation makes this protocol even 
more valuable, allowing a diversity-oriented 
approach to a nearly unlimited number of 
new structures. 
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The advantages of multicomponent reactions 

The figure highlights the potential and the advantages of multicomponent reactions that include 
isocyanides, the Passerini and Ugi reactions, with respect to the classical linear synthesis. 
Zhang et al. now extends these advantages with an organocatalyst that enables the formation 


of specific enantiomeric products with the Ugi reaction. 
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ROBOTICS 


Robotic-flapper 
maneuvers and 


fruitfly turns 


Studies of an aerial robot 
help explain rapid banked 
turns in the fruitfly 


By Franck Ruffier 


inged insects have been a rich 

source of inspiration for designing 

flying robots, but robots can also be 

used to test hypotheses about the 

mechanisms underlying the con- 

trol of insect flight (7). Winged in- 
sects perform continuously demanding tasks 
from takeoff to landing that include rapid 
turns as well as virtuosic chasing behaviors. 
During evasive maneuvers, the fruitfly ex- 
ecutes rotations to achieve banked turns (2). 
On page 1089 of this issue, Karasek et ai. (3) 
show that the accurate control of a new tail- 
less, flapping-wing robot reveals how these 
insects perform rapid banked turns, even 
though the robot is much larger than a fruit- 
fly. The similarities between the maneuver 
dynamics of the robot and that of fruitflies 
strongly support the hypotheses that rotation 
around the vertical axis (the “yaw” move- 
ment) is passively controlled throughout 
evasive maneuvers and that fruitflies actively 
control their heading only after executing 
these turns. 

In addition to mating and food foraging, 
escaping from dangers such as predators is 
one of the main challenges of flying animals. 
Most escapes of flying animals involve rapid 
banked turns that can occur at different 
pitch-to-roll rate ratios [for the fruitfly, see 
(2)], corresponding to either roll-dominated 
or pitch-dominated maneuvers. Maneuvering 
an aerial robot that has kinematics similar to 
that of the fruitfly and that can freely execute 
any control-command sequences allows test- 
ing of hypotheses about the insect’s flight. In 
particular, adding a yaw command did not 
make the robot of Karasek et al. turn more 
quickly. Thus, fruitflies may perform such 
evasive maneuvers as fast as possible without 
feedback information. 

Karasek et al. also developed a functional, 
low-complexity model of aerodynamic yaw 
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torque that explains the rapid banked turn 
of the robot. Specifically, two new terms were 
added: the so-called translation-induced 
coupled yaw torques. Each of the new yaw- 
torque terms depends on a product between 
a translational velocity and the torque com- 
mand around the axis of this same transla- 
tion. One—the roll command—is the product 
between the longitudinal velocity (the for- 
ward speed) and the angular acceleration 
around the longitudinal axes (roll rate). The 
other—the pitch command—is the product 
between the transverse velocity (the sideways 
speed) and the angular acceleration around 
the transverse axes (pitch rate). Such cou- 
plings were highly correlated with the biolog- 
ical flight data, so the fruitfly might use these 
torque couplings to passively induce yaw ac- 
celeration and execute rapid banked turns. 
Karasek et al. used their flapping-wing 
robot as a tool to better understand the so- 
phisticated control-command system during 
escape behavior. Their meticulous design 
enables free flight with four control inputs, 
which is comparable to the helicopter-like 
simplified modeling of a winged insect (4). 
The lift force is produced by two bioinspired 
clap-and-fling mechanisms of the wings mov- 
ing at 17 Hz. The yaw torque is produced by 
changing the wing root angle asymmetrically, 
the pitch torque is produced by adjusting the 
dihedral angle, and the roll torque is pro- 
duced by generating asymmetrical flapping 
lift. The asymmetrical frequency control of 
the clap-and-fling mechanisms relies on two 
independent motors. The independent mech- 
anisms of the roll and pitch torque generation 
allow for different pitch-to-roll ratios, and the 
robot can perform 360° roll and pitch flips. 
Such increased controllability let the au- 
thors test a full range of banked-turn ma- 


neuvers. In forward flight, 90° banked turns 
are dominated by roll commands—low 
pitch-to-roll ratio. The roll commands rely 
on different techniques to generate the roll 
torque across the bioinspired aerial robot 
(see the figure). In forward flight, the pitch 
also controls the forward velocity, the yaw 
controls the heading, and the lift controls 
the altitude. A slightly smaller flapping-wing 
robot, the Nano Hummingbird, used a differ- 
ent asymmetrical lift mechanism to generate 
roll torque and also achieved an autonomous 
360° roll flip (5). This robot used an asym- 
metrical 30-Hz flapping-wing orientation, 
that combined both wing twist and angle-of- 
attack modulation. 

At the insect scale, a tiny 120-Hz flapping- 
wing robot, the Robobee, used asymmetri- 
cal wing-stroke amplitude (6) to produce 
roll torque. At larger scales, roll control was 
achieved by disabling lift on the inside wing 
toward the desired turn. A 6-Hz flapping- 
wing, birdlike robot used spoilers (7), and 
a bird-inspired glider used tip-feather aile- 
rons (8). Recently, a roll-dominated banked- 
turn maneuver was reproduced with a small 
drone endowed with a distinctive morphing 
wing design composed of artificial feathers 
(9). The folding of these artificial feathers on 
the inside wing creates asymmetric surface 
morphing. Such an asymmetrical wing sur- 
face lets the drone turn rapidly without using 
conventional ailerons. Precisely gliding birds 
can achieve banked turns by flexing the wrist 
and elbow of their inside wing toward their 
desired turn, thus substantially reducing the 
inside wing surface (0). 

Gliding is one solution to overcome the 
main challenge for aerial robots: their high 
energy consumption during powered flight. 
At high pitch, the double clap-and-fling 


configuration chosen by Karasek et al. also 
benefits from nonnegligible gliding effects 
that substantially increase its flight range. 
Indeed, the flight endurance increases with 
the robot mass in small drones (17), and the 
wingspan increases with the mass in flap- 
ping micro air vehicles (72). In bioinspired 
aerial robots, when the flapping frequency 
decreases, the wingspan, mass, flight endur- 
ance, and flight range generally increase (see 
the figure). Biomimetic aerial robotics that 
will integrate bioplausible perception and 
bioplausible flight mechanics could lead to 
further insights into animal behavior, such 
as puzzling aerial chasing behavior. Indeed, 
trials have been reported with bioprincipic 
robots typically equipped with propellers to 
test free-collision navigation hypotheses, as 
reviewed in (13, 14). & 
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Ready to roll 


Roll commands have been implemented with wing mechanisms for robots exhibiting various flight ranges. Various mechanisms exist, from powering 
the flight directly with the vibrating wings in lighter bioinspired robots (left) to relying on gliding in heavier bioinspired robots (right). 
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Asymmetrical flapping-wing 
frequency. Two independent 
frequency-control clap-and-fling 
mechanisms at Delft-TU, Netherlands 


Gliding 
Flight range 
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INDUSTRIAL POLICY 


A “technology-smart” battery 
policy strategy for Europe 


Batteries’ inherent characteristics should inform policies 


By Martin Beuse’, Tobias S. Schmidt’, 
Vanessa Wood” 


he world market for battery and hy- 

brid electric vehicles (EVs), including 

passenger cars, buses, and freight 

trucks, is growing rapidly. Currently, 

almost all lithium-ion (Li-ion) bat- 

tery cells for EVs are produced by 
East Asian (Chinese, Japanese, and Korean) 
manufacturers. Meanwhile, the European 
automotive industry, among the largest in 
the world, generates 4% of European gross 
domestic product, and 12 million jobs (J); 
however, Europe houses less than 1% of the 
global Li-ion battery cell manufacturing ca- 
pacity, and this production capability largely 
addresses niche markets. Manufacturing of 
batteries for EVs is thus at the center of in- 
dustry policy discussions at the European 
Commission (EC), with calls for “European 
sovereignty” in Li-ion battery manufactur- 
ing (2). Here, we offer insights from battery 
research and innovation studies to suggest 
that catching up with East Asian companies 
is worthwhile, but can only be achieved step 
by step, by bringing competences to Europe 
through strategic global collaborations, 
supported by creation of an attractive Euro- 
pean market for EVs. 

EV batteries consist of cells packaged 
together and controlled by a battery man- 
agement system. The cell makes up roughly 
70% of the cost of an automotive battery, 
which currently amounts to more than 
40% of the cost of a fully electric car (3). 
Bolstered by national industrial policies 
and the demands for Li-ion batteries in con- 
sumer electronics (with 2 billion cell phone 
batteries and 350 million tablet and laptop 
batteries manufactured in 2017), East Asian 
manufacturers have achieved continual im- 
provements in terms of performance (e.g., 
lifetime, energy density) and cost of bat- 
teries. Recently, several East Asian players 
announced the construction of gigafacto- 
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ries in Europe (battery cell manufacturing 
factories with output capacity in excess of 
1 GWh/year; e.g., CATL in Germany, LG 
Chem in Poland, Samsung and SK Innova- 
tion in Hungary). 

High-level policy-makers in Europe have 
expressed the importance of the battery 
industry in ensuring Europe’s continued 
competitiveness in the automotive sec- 
tor and have called for exclusively Euro- 
pean-owned cell factories, an “Airbus for 
batteries.” For example, Maro’ Seféovié, 
vice-president of the European Commis- 
sion, stated: “By 2025,...the European bat- 
tery market could be...as large as the entire 
Danish economy. Do we want to leave this 
to our global competitors” (4)? 

To seize this opportunity, the EC esti- 
mates an investment requirement of €20 
billion, or 10 to 20 European gigafactories. 
To support these ambitions, the EC has de- 
veloped a Strategic Action Plan together 
with representatives from industry and 
academia, outlining potential actions and 
funding opportunities (potentially up to 


several billion €) (2). In line with these am- 
bitions, three consortia (led by Saft, TerraE, 
and Northvolt) have formed to build Eu- 
ropean-owned gigafactories, supported by 
the European Investment Bank (e.g., with 
a €52.5 million loan for Northvolt’s demon- 
stration cell factory). 

However, the European automotive in- 
dustry is currently not financially invested 
in these consortia and has not yet indicated 
if and when they want to enter large-scale 
cell manufacturing themselves. The indus- 
try broadly acknowledges the relevance 
of understanding battery cells and has in- 
vested in various R&D activities; however, 
their views regarding cell manufacturing 
differ. Some automotive companies con- 
sider battery cells a commodity-like compo- 
nent, sourced from suppliers according to 
specification. These firms see added value 
primarily in downstream activities of the 
supply chain (see the figure). Other compa- 
nies consider ownership in cell manufactur- 
ing worthwhile; however, they have not yet 
entered the arena and discuss leapfrogging 
to “next generation” technologies, such as 
solid-state batteries. 

Given this current state of affairs, it is im- 
portant for policy-makers, the automotive 
industry, and the cell manufacturing indus- 
try to consider three questions in order to 
determine a common strategy. 


BATTERIES: A STRATEGIC COMPONENT? 

Is the battery cell a commodity-like part or 
a core component of strategic value to the 
European automotive industry? Currently, 
we consider battery cells as core components 


A complex supply chain for Li-ion battery cell manufacturing 


Asimplified distinction between upstream and downstream activities is shown [adapted from (12) and (13)]. 
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for three reasons. First, they are at the cen- 
ter of an EV’s product architecture, meaning 
that their properties influence many other 
components (e.g., chassis material choice) 
and the overall vehicle design (e.g., through 
changed center of gravity). Second, the devel- 
opment of new cells is highly dynamic. For 
instance, the performance specifications of 
battery cells, such as the energy and voltage 
they can deliver at a certain current, depend 
on the materials used and their design. Each 
year, new cell designs evolve (5), providing 
opportunity for strategic differentiation of 
products among manufacturers. 

Third, cells are complex to design, involv- 
ing a multitude of trade-off decisions. Cells 
may be optimized for applications with high 
energy or power requirements, for cycle life, 
or for cost. For example, decreasing cost and 
cobalt dependence through increasing the 
nickel content in the cathode might enable 
higher cell voltage but decrease cell life (5, 6). 
To manage these trade-offs and make smart 
design decisions, close interaction between 
the cell manufacturer and automaker is im- 
portant (7, 8). In other words, manufactur- 
ing close to markets fosters innovation (9). 
Local ownership (e.g., through equity joint 
ventures) further increases transfer and ex- 
change of tacit knowledge and intellectual 
property (10). Given the cell’s centrality, dy- 
namic development, and complexity, policies 
that aim at localizing cell manufacturing 
industry can thus result in a competitive ad- 
vantage. Conversely, simply sourcing battery 
cells from foreign players will lead to strong 
dependence on their performance. 
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LEAPFROGGING? 

Is it possible for the European battery in- 
dustry to leapfrog East Asian suppliers with 
the next generation of battery cell technol- 
ogy? Leapfrogging current market leaders 
is difficult, if not impossible because, even 
for incumbents, production of high-per- 
forming cells at continuous quality levels 
is challenging (11), largely due to the dually 
complex nature of battery cell technologies 
(complex in both design and manufactur- 
ing, with interplay between both). Changes 
in one cell manufacturing step require ad- 
justments in other steps and most likely in 
the design of the cell as well (12). Likewise, 
changing cell design requires adjustments 
not only in other design features, but also to 
the manufacturing. For example, to obtain 
a cell that discharges faster, a manufacturer 
might change the size of the materials that 
store the Li. This will require reformula- 
tion of the slurry and changes to the slurry 
mixing. In turn, this may require changes 
to the slurry coating and drying parameters 
(which are used to get the active materials 
onto the foils that are stacked or wound 
into the cell), the additives added into the 
liquid electrolyte, and the formation proto- 
col (i.e., how the cell is cycled prior to ship- 
ping to ensure stability). 

The ability to improve upon existing du- 
ally complex technology relies heavily on 
tacit knowledge, which is gained by experi- 
ence with the product and the manufactur- 
ing process and which is not easily copied 
or transferred (8). In the battery field, the 
move from laboratory experiments or pilot- 
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scale demonstrations to full-scale manu- 
facturing requires knowledge gained from 
direct experience with full-scale production 
(12). Dual complexity also increases the need 
for interaction among actors along the sup- 
ply chain (7), making a technology harder 
to replicate (73). For batteries, knowledge is 
spread across multiple domains, from ma- 
terials processing to manufacturing and in- 
tegration. Incumbent firms can leverage not 
only their assets, but also their accumulated 
tacit knowledge and long-term partnerships 
across the value chain to evolve with a tech- 
nology’s trajectory. 

The last decades of battery research indi- 
cate that future cell generations will draw 
heavily from knowledge gained through 
designing and manufacturing current-gen- 
eration cells at large scale. Li-ion batteries 
are on a Clear trajectory, with several future 
developments already on the horizon (e.g., 
high-voltage cathodes, high-capacity anodes, 
and solid electrolytes) (5) that will evolve se- 
quentially, building on existing but often tacit 
design and manufacturing knowledge. The 
process of discovering new battery materi- 
als to actually commercializing a battery cell 
with these materials is very time consuming 
and can take up to 20 years (14). Literature 
on catching up suggests that technological 
discontinuities in dually complex technolo- 
gies, like the emergence of the next-gener- 
ation battery technology, do not necessarily 
help new entrants overtake incumbents, but 
rather strengthen the position of incum- 
bents, who can leverage their cumulative 
knowledge base (15). High entry barriers are 
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ATesla, Inc. gigafactory in 
Sparks, Nevada, manufactures 
automotive battery cells. 


also exemplified by multiple accounts of bat- 
tery technology startups failing in the past. 
Therefore, a leapfrogging strategy does not 
seem promising. If Europe wants to success- 
fully compete in battery cell manufacturing, 
it will have to catch up step by step. 


REALISTIC? 

Is it a realistic policy strategy to build a Eu- 
ropean battery cell industry? History has 
shown that catching-up in Li-ion battery 
manufacturing is possible. Korea caught up 
to Japan, and China, with the announcement 
of multiple gigafactories, is set to triple the 
rest of the world’s combined capacity. 

To catch up in a dually complex product 
like batteries, it is necessary to transfer tacit 
knowledge (in manufacturing equipment 
integration and product design), as well as 
enable interactive learning up- and down- 
stream of cell manufacturing (7, 8). 

A starting point for transferring capital 
goods can be to acquire existing equipment 
or an entire factory from an established 
player. For example, leading Chinese compa- 
nies purchase their battery manufacturing 
lines from Japanese and Korean companies. 
However, it is not sufficient to focus on indi- 
vidual parts of the value chain, as most tacit 
knowledge is gained from interactions across 
the value chain (7). 

For successful catching up, it is paramount 
that the tacit knowledge be accessible and 
that domestic companies develop the capabil- 
ity to learn (75). Korean firms have leveraged 
licenses from Japanese producers and hired 
retired Japanese engineers to transfer their 
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product design knowledge. Chinese firms en- 
tered R&D and production partnerships with 
Japanese and Korean firms. China’s CATL, 
the world’s fastest growing cell manufacturer, 
evolved from ATL, a subsidiary of Japanese 
TDK that produces consumer electronics 
batteries. Tesla cooperates with Panasonic 
(Japan) for cell manufacturing in a gigafac- 
tory in Nevada, USA, and pursues the pack 
assembly and software design itself. This 
partnership was enabled, among other fac- 
tors, by the huge scale envisioned, making 
the partnership interesting to an incumbent 
cell manufacturer like Panasonic. In other 
words, a substantial market is an important 
factor in catching up. 

Europe seems to be an attractive loca- 
tion for cell manufacturing, as demon- 
strated by the announcements of East 
Asian firms to build gigafactories. In ad- 
dition, Europe is not starting from zero. 
It can build upon strong research facili- 
ties and downstream activities, as well as 
specialized cell manufacturing know-how. 
If Europe wants to tap this potential and 
build its own industry, waiting is not an 
option because the knowledge gap to mar- 
ket leaders is ever widening. The EC has 
rightfully recognized the need to act. How- 
ever, policy-makers should not be hung 
up on the idea of European independence 
in cell manufacturing from the start. For 
dually complex technologies, the sensible, 
theory- and practice-proven approach is to 
create an attractive home market and learn 
quickly together with current competitors. 
This will enable the European industrial 
players to choose later whether they want 
to pursue cell manufacturing themselves. 


A TECHNOLOGY-SMART POLICY 

To support this process, a technology-smart 
policy strategy, considering battery cells’ dual 
complexity, based on insights from battery re- 
search and innovation studies, is needed. The 
European Union (EU) should put particular 
emphasis on two elements: First, incentiv- 
izing collaborative R&D between companies 
along the supply chain. Importantly, these in- 
centives should also be available for research 
consortia that include non-European com- 
panies. European companies have already 
formed such collaborations, predominantly 
outside Europe (e.g., European BASF and 
Japanese TODA for a calcination facility in 
the United States; European Biihler and Chi- 
nese Lishen for manufacturing equipment in 
China). This can be backed up with measures 
to educate engineers and to secure access to 
raw materials and capital. 

Second, a consistent European EV policy 
strategy is needed to create an attractive EV 
market that makes partnerships for current 
market-leading East Asian firms worth- 
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while and provides planning security for 
European firms. Although many European 
national and subnational governments have 
already introduced EV support policies, this 
policy patchwork misses the opportunity to 
leverage the massive size of the EU’s com- 
mon car market. We therefore recommend 
an ambitious yet realistic EU-wide EV tar- 
get. One option would be to mandate a cer- 
tain market share of EVs or even completely 
phase out internal combustion engine cars, 
as China has done. However, such policy 
is politically hard to sell. A more realistic 
alternative is to increase the stringency of 
the EU’s emissions standard on car fleets 
to a level that translates into large market 
shares of EVs. 

Only once the European industry has 
started to catch up should the EU consider 
incentivizing differentiation of European 
cells through novel chemistry, manufactur- 
ing approaches, or design. With an estab- 
lished market for European-made EVs that 
use cells produced in Europe, differentiat- 
ing features can be introduced gradually, 
guided by R&D activities that identify the 
unique opportunities for batteries within 
the European automotive sector. ® 
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Smarter, stronger, longer 


From extreme longevity to photographic memory, unusual 
individuals push the boundaries of human ability 


By Christopher Kemp 


aniel Tammet dreams in pi. Famil- 

iar to most of us, at least in an ab- 

stract sort of way, pi is the ratio of 

a circle’s circumference to its diam- 

eter. It’s an infinitely long 

number, starting with the 

digits three-point-one-four and 

continuing forever. Tammet, an 

autistic savant, has memorized 

it to more than 22,000 digits. He 

also learned to speak Icelandic 
in a week. 

What makes Tammet different 


> 


= 


| Superhuman 


Life at the Extremes 


of Our Capacity 


Rowan Ho. 


what they were wearing, and what they ate 
that day. He meets chess grandmasters and 
people who have taught themselves dozens 
of languages. 

An editor for New Scientist, Hooper 
trained as an evolutionary biologist and is 
an open-minded and able guide, 
lucidly explaining the genetic 
and environmental factors that 
allow rare individuals to run for 
days on end, or sleep 3 hours a 
night long-term, or learn dozens 
of languages fluently. 

Jeanne Calmet lived to be 122. 
In the case of longevity, Hooper 


from the rest of us? In Superhu- Superhuman notes, the science is incredibly 

man, Rowan Hooper sets out to lifeattheExtremesof complicated and still mostly un- 

explore the extremes of human Our Capacity resolved. Hoping to find the spe- 
a < Rowan Hooper i : 

ability, traveling the world and Simon & Schuster cific genes responsible for long 

meeting a colorful cast of super- 2018. 352 pp. life, researchers have screened 


lative subjects along the way. He 

meets centenarians, opera singers with ex- 
traordinary range, people who don’t seem 
to experience fear, and people with HSAM— 
highly superior autobiographical memory— 
who can recall every mundane detail about 
their life going back decades. Give them 
a date and they will tell you the weather, 


The reviewer is the author of The Lost Species: Great 
Expeditions in the Collections of Natural History Museums 
(University of Chicago Press, 2017). Email: cjkemp@gmail.com 
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the genomes of inhabitants of 
Blue Zones—discrete regions such as Oki- 
nawa in Japan and Sardinia, near Italy, 
where inhabitants live longer on average 
than elsewhere. They have found thou- 
sands of candidate genes that might con- 
tribute a benefit but not in one’s early life. 
Environmental factors decide whether an 
individual gets to 80, but complex genetics 
decide whether that person hits 100. 
By contrast, for Alex Mullen, a World 
Memory Champion who can memorize the 
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Accepted at Oxford University at age 15, polymath 
John Nunn became a chess grandmaster at age 23. 


order of a shuffled deck of cards in less 
than 20 s, the secret lies in specific mem- 
ory-training regimens that anyone can 
learn. It’s all environmental, all the time. 

At times, one feels a little bound by Hoop- 
er’s prejudices. In his chapter on intelligence, 
for example, I was waiting for him to ad- 
dress the neuroanatomical abnormalities 
of Einstein’s brain. The physicist’s corpus 
callosum—the nerve fibers that connect 
the two hemispheres of the brain—was 
enormously oversized. For decades, neu- 
roscientists have pondered whether those 
and other structural brain differences al- 
lowed Einstein to process information dif- 
ferently from the rest of us. But Hooper 
doesn’t mention it. Instead, he speaks with 
author Hilary Mantel, who has an innate 
ability—learned in childhood, she says—to 
write immersive historical narratives. 

In a chapter on singing, I was certain 
Hooper would explore the fascinating mys- 
teries of overtone singing. Practiced in Mon- 
golia, Tibet, Kazakhstan, and elsewhere, 
overtone singers can manipulate the reso- 
nance of air in their throat to sing two dis- 
tinctly different notes at once. But instead, 
he profiles opera singer Matthew Rose. From 
numerous twin studies, Hooper writes, ge- 
netic traits have been shown to have a pro- 
found effect on musical skills, determining 
both how much an individual practices and 
the subsequent effects of the practice. 

In total, Hooper examines 11 different 
human traits, which are organized into 
three parts: thinking (including traits such 
as intelligence, memory, and language); 
doing (bravery, singing, or running, for 
example); and being (which includes lon- 
gevity and happiness). I wouldn’t expect a 
project such as this to be exhaustive by any 
means. But there are substantial gaps in 
the human experience. 

Why, for instance, is there no chapter on 
pain, a fascinating and still poorly under- 
stood part of life for everyone, except for the 
rare people who congenitally cannot feel it? 
This, in particular, seems like an oversight. 

Despite this, Swperhuman is an incred- 
ibly readable and endlessly interesting 
book. Perhaps most importantly, it is an 
inspiring book. I am clearly not a super- 
human. I might be worth a chapter in a 
book titled Okay Human. But Hooper has 
shown me a multitude of other goals that I 
could still strive toward—such as altruism 
through charity or profound happiness in 
the face of adversity—and for that I am su- 
perlatively thankful. 
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Looking ahead 


A cosmologist advocates thoughtful deployment of science 
and technology to address the challenges facing humanity 


By Andrew Robinson 


n 2004, the year before he became presi- 

dent of Britain’s Royal Society, Martin 

Rees memorably remarked that “we are 

no wiser than Aristotle was more than 

2000 years ago.” The reason that hu- 

mankind has made such extraordinary 
scientific progress since Aristotle’s time, Rees 
argued, is primarily because of technologi- 
cal advances, such as telescopes and space 
probes in the case of astronomy—his own 
field of expertise. 

Rees’s latest book, On the Future: Prospects 
Sor Humanity, written “as a scientist, as a citi- 
zen, and as a worried member of the human 
species,’ is really a meditation on 
this earlier thought, short in extent 
but wide in range: from redesign- 
ing genes, through the likelihood of 
human-induced climate change, to 
the possibility of encounters with 
alien intelligence in the Universe. 
Its overall theme is that Earth’s 
growing population will flourish 
only if science and technology are 
deployed with “wisdom.” 

Inevitably, much of the inter- 
est in this topic derives from the 
author’s predictions about the 
coming decades, although Rees is 
mindful of the fact that scientists 
are “rotten forecasters—almost as 
bad as economists.” As he notes, 
one of his predecessors as astrono- 
mer royal famously announced in 
1956 that newspaper predictions 
of imminent manned space travel 
were “utter bilge.” 

On the whole, he is cautionary, sometimes 
pessimistic, whether speaking of our home 
planet or deep space. About driverless cars, 
for example, he notes that in 1930 there were 
a million vehicles on the roads of Britain and 
more than 7000 fatalities, whereas in 2017, 
the number of vehicles had increased 30 
times and the number of fatalities had fallen 
to 1700. In the intervening period, roads had 
improved, yet the main reason for the fall in 
deaths was increased safety in cars, brought 
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about by technological improvements, in- 
cluding electronic satellite navigation. 

Most likely, this trend will continue, with 
better lane discipline on motorways, platoon- 
ing of goods vehicles, and so on. But can we 
assume that ever-faster computing will en- 
able a wirelessly connected car to distinguish 
the nature of an obstacle on the road ahead 
and respond safely to it with greater reli- 
ability than an average human driver? Per- 
haps—yet only by using an amount of electric 
power comparable with the power needed 
to propel the car, according to some experts, 
notes Rees. And will the car’s passengers ac- 
cept no human driver? Not on the basis of 
civil aviation, the bulk of which is now done 


on autopilot but has yet to reach the point of 
dispensing with a human pilot. 

Regarding climate change, Rees antici- 
pates, realistically, that carbon dioxide con- 
centrations in the atmosphere from burning 
of fossil fuels will continue to rise steadily for 
the next 20 years. By then, however, it should 
be possible to predict future “climate sensi- 
tivity’—the effect on the ground of increased 
water vapor and clouds—from a longer time 
base of data and better modeling. 

If sensitivity is high, and existing climates 
are at risk, then climate may need to be rap- 
idly controlled through geoengineering, by 
using solar-reflecting aerosols in the upper 
atmosphere and even sunshades in space. Be- 
cause the political problems of geoengineer- 
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The electric power required to respond to obstacles with greater reliabilty than 
a human driver may mitigate the value of driverless cars, notes Rees. 
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ing would be “an utter political nightmare,” 
Rees argues that it would be “prudent” now 
to explore geoengineering techniques, so as 
to clarify which of them make sense and also 
to dampen down any unjustified optimism 
about a “quick fix” for climate change. 

As for space exploration by humans, Rees 
favors privately sponsored expeditions, de- 
spite his admiration for the 1960-1970s 
NASA Apollo program. But he strongly dis- 
agrees with the view, proposed by Elon Musk 
of Space-X and also Rees’s late Cambridge 
University colleague Stephen Hawking (not 
to mention some science-fiction writers), that 
there can be mass emigration from Earth. 

“Coping with climate change may seem 
daunting, but it’s a doddle com- 
pared to terraforming Mars. No- 
where in our Solar system offers 
an environment even as clem- 
ent as the Antarctic or the top 
of Everest.” Better, thinks Rees, 
to depute exploration and settle- 
ment of other planets to robots 
and artificial intelligence, en- 
abled by Earth-based humans. 

Underlying the development 
and exploitation of technology 
must be values that science itself 
cannot provide, Rees concludes, 
after some interesting discussion 
of science and society, includ- 
ing religion. “I would describe 
myself as a practicing but unbe- 
lieving Christian,” he comments 
somewhat enigmatically. 

“It’s salutary and depressing to 
realize how much of the economy 
is dedicated to activities and products that 
would be superfluous if we felt we could 
trust each other,” such as military forces 
and unhackable computer systems, writes 
Rees. Ancient thinkers, including Aristotle, 
expressed a comparable regret about their 
societies. What has changed over the mil- 
lennia, of course, is that the impact of our 
lack of wisdom—amplified by the inter- 
net—is now global and requires global, not 
local, solutions. 
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Grazing limits 
benefited Bridge Creek 


In the News Feature story “Beavers, 
rebooted” (8 June, p. 1058), B. Goldfarb 
discusses a field project where beaver dam 
analogs were constructed for stream resto- 
ration along a portion of Bridge Creek in 
central Oregon. Goldfarb writes that when 
the project began in 2007, the system was 

a narrow trench bordered by desiccated 
pastures, with a lingering population of 
steelhead and rainbow trout and a “skeleton 
crew” of beavers that built dams across the 
sluice-like channel that tended to wash away. 
However, the area was much more vibrant 
than Goldfarb suggests. 

Between 1989 and 1991, the Bureau of 
Land Management acquired land along 
large portions of Bridge Creek (1), and after 
1991, there was no grazing in the area for 
5 years (2). In the years that followed, only 
limited winter grazing was permitted (2). As 
a result, streamside willows and other ripar- 
ian vegetation flourished (3-5). 

In 1988, the Bureau of Land Management 
began monitoring beaver activity by invento- 
rying dams twice a year along a 25-km reach 
(2). As streamside vegetation recovered 
during the 1990s, beaver dams appeared 
throughout the area (2). Even where dams 
breached, remnant portions contributed 
positively to the ongoing riparian and chan- 
nel recovery—they redirected flows, added 
local channel complexity, widened the flood- 
plain, and accumulated sand/gravel bars, all 
of which expanded the riparian community 
while increasing channel sinuosity and 
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reducing stream gradient (2). Although this 
dynamic process of natural recovery had 
been under way for nearly 2 decades before 
beaver dam analogs were constructed along 
3.4 km of stream, it was not mentioned in 
the News story. 

Because the Bureau of Land Management 
changed streamside management along 
Bridge Creek (i.e., protecting it from grazing 
impacts after 1991), recovered riparian plant 
communities could handle the high density 
of beaver dam analogs installed after 2007 
(6). Thus, the real success story of Bridge 
Creek is the reduction in grazing, which 
allowed vegetation recovery and beaver pres- 
ence along 25 km of stream, not intensive 
structuring with beaver dam analogs along 
the 3.4 km discussed in the News story. 
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U.S. fast test reactor 
will pay dividends 


In his News story “Congress pushes for 
multibillion-dollar nuclear reactor that 
critics call a boondoggle” (3 July, https:// 
scim.ag/Reactor), A. Cho discusses the 
proposed Versatile Fast Neutron Source, 
a test reactor that many in the research 
community deem important to build. 

We agree with the nuclear scientists and 
engineers who support the fast reactor. 
Technology advances when the tools are 
available. The fast reactor will enable 
potentially groundbreaking advances 

in nuclear energy technology and materi- 
als science. 

If the United States does not have a fast 
test reactor, our nuclear innovators will 
have no option but to use the dwindling 
number of fast test reactors available in 
other countries. For example, TerraPower, 
a U.S. nuclear reactor design company, 
has been forced to rely on a test reactor in 
Russia for essential materials testing (J). 

As explained in the News story, some 
don’t like the idea of a new American 
fast-neutron test reactor. But today’s 
commercial reactors, workhorse anchors 
of the power grid and by far our larg- 
est source of emissions-free energy (2), 
are just the beginning of what nuclear 
energy can do. New technologies promise 
higher-quality heat, better use of fuel, 
more flexible operations, and lower-cost 
fabrication (3). 

Commercialization takes time, and to 
reap these benefits, we should be work- 
ing on this now. Building a test reactor 
takes time, too, and the two most capable 
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test reactors in the United States are each 
more than 50 years old (4). Meanwhile, 
the planet is warming, and a lot of the 
energy-hungry developing world is 
choking on the smoke from fossil-fueled 
generators. In decades past, the United 
States was the global leader in nuclear 
exports (5), enabling it to define non- 
proliferation and safety norms. Now, 

as the world needs copious amounts of 
clean, reliable energy, there will be a 
corresponding global need for a new gen- 
eration of reactors, whether we develop 
and export them or leave that to Russia 
or China. 


Peter B. Lyons! and John F. Kotek* 
1Retired Commissioner of the Nuclear Regulatory 
Commission and Assistant Secretary for Nuclear 
Energy, U.S. Department of Energy, Washington, DC 
20585, USA . *Nuclear Energy Institute, Washington, 
DC 20004, USA. 
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Response to Comment on “Unexpected 
reversal of C, versus C, grass response 
to elevated CO, during a 20-year field 
experiment” 


Peter B. Reich, Sarah E. Hobbie, 

Tali D. Lee, Melissa A. Pastore 

Nie and colleagues suggest a key role for 
interannual climate variation as an expla- 
nation for the temporal dynamics of an 
unexpected 20-year reversal of biomass 
responses of C.-C, grasses to elevated CO... 
However, we had already identified some 
climate-dependent differences in C, andC, 
responses to eCO, and shown that these 
could not fully explain the temporal dynam- 
ics we observed. 

Full text: dx.doi.org/10.1126/science.aau8982 


ERRATA 


Erratum for the Report “Degradation of 
microRNAs by a Family of Exoribonucleases 
in Arabidopsis” by V. Ramachandran, 

X. Chen, Science 361, eaav2481 (2018). 
Published online 7 September 2018: 
10.1126/science.aav2481 


ONLINE BUZZ 


Prioritizing population policies 


In their Policy Forum “Global warming policy: Is population left out in the cold?” (17 August, p. 
650), J. Bongaarts and B. C. O'Neill explore why climate groups such as the Intergovernmental 
Panel on Climate Change (IPCC) have overlooked the role of population growth. Authors of a 
recent IPCC report responded that population growth was addressed in their chapter but ex- 
cluded from the summary for policy-makers. An excerpt of their comment is shown below. Read 
the full eLetter and add your own at http://science.sciencemag.org/content/361/6403/650/ 
tab-e-letters. 


“...[ T]he Policy Forum deplores the failure to explicitly include population issues in IPCC sum- 
maries....Population issues, however, were in fact discussed in the Fifth Assessment....Chapter 
11.9.2 [www.ipcc.ch/pdf/assessment-report/ar5/wg2/WGIIAR5-Chap11_FINAL.pdf] specifically 
[notes] that providing greater access to reproductive health services for those who wish to limit 
their families will both...mitigate climate-relevant pollutants and protect human health. Unfor- 
tunately, this information was not included in the final WGI Summary to Policy-Makers or IPCC 
Synthesis Report....Indeed, there are a wide range of issues raised in the assessment chapters 
that never see the ‘light of day’ in the summaries...[We] should focus...on developing rigorous 
and transparent guidance on how decisions are made on what, from a vast panorama of analy- 
ses in the main chapters, is highlighted for policy attention...” 


Kirk R. Smith, Alistair Woodward, Andy Haines, Zoe Chafe 
10.1126/science.aav3528 
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Cite as: P. B. Reich et al., Science 
10.1126/science.aau8982 (2018). 


Response to Comment on “Unexpected reversal of C3 versus 


C, grass response to elevated CO. during a 20-year field 


experiment” 


Peter B. Reich! *, Sarah E. Hobbie’, Tali D. Lee*, Melissa A. Pastore’ 


Department of Forest Resources, University of Minnesota, St. Paul, MN 55108, USA. *Hawkesbury Institute for the Environment, Western Sydney University, 
Penrith, NSW 2753, Australia. Department of Ecology, Evolution, and Behavior, University of Minnesota, St. Paul, MN 55108, USA. ‘Department of Biology, 


University of Wisconsin, Eau Claire, WI 54701, USA. 


*Corresponding author. Email: preich@umn.edu 


Nie and colleagues suggest a key role for interannual climate variation as an explanation for the temporal 
dynamics of an unexpected 20-year reversal of biomass responses of C3-C, grasses to elevated COz. 
However, we had already identified some climate-dependent differences in C3 and C4 responses to eCO2 
and shown that these could not fully explain the temporal dynamics we observed. 


Using some new analyses, Nie and colleagues (J) suggest 
that growing season temperature and rainfall can explain 
much more of the unexpected 20-year reversal of C3 versus 
C, grass community responses to elevated CO, than our 
analyses and interpretation concluded (2). They based their 
analyses on statistical models using 3-year running averages 
of the effect of eCO. on total biomass (i.e., the average dif- 
ference between ambient and enriched CO, across all C3 or 
C, plots), which they compared to the 3-year running aver- 
age of growing season (May-Sept) rainfall and temperature. 
We question whether using 3-year running averages 
[which we included solely for visualization purposes in (2)] 
is the best way to test for interannual climate variation in- 
teractions with the elevated CO, treatment; we believe that 
at the very least, using annual data makes more sense for 
such examinations. Moreover, we believe that using all data 
(i.e., 88 plots for all 20 years, nm = 1760) in a mixed model [as 
in (2)] makes the best use of all available information; 
whereas Nie et al. used a data set of n = 36, comprising just 
the 18 values representing the 3-year running averages of 
effect size for each of the C; and C, groups. As two-thirds of 
the data for each 3-year running average of effect size is 
shared with both the prior and subsequent years, there is 
considerable lack of independence of such data across years. 
Additionally, Nie et al. chose to use climate data from 
the Minneapolis-St. Paul International Airport rather than 
data available from Cedar Creek. The airport is more than 
60 km south of the experimental site, averaged >1.5°C 
warmer for the growing seasons in question, and most prob- 
lematic, had only moderate correlations (R? = 0.5) for May- 
Sept rainfall and temperature with the same metrics at the 
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experimental site, meaning they share only roughly 50% of 
the same information. Given that Cedar Creek lies outside of 
the urban heat island while the airport lies within it (3), the 
relatively fine-scale spatial variability in rainfall, and the 
availability of data on site, use of the alternate data from the 
southern Twin Cities metropolitan area is not warranted, in 
our view. Note also that Nie et al. use growing season tem- 
perature and rainfall defined as May-September values (ex- 
cept in their figure 2 where they used MJJ rainfall and 
unspecified temperature data), whereas in (2) we used 
summer temperature and rainfall defined as May-July 
(MJJ); our rationale was that biomass harvests and net ni- 
trogen mineralization assays were completed by very early 
August each year, such that the three prior months were a 
reasonable metric for assessing climate sensitivity of CO» 
responses. We also used MMJ rainfall measured at the ex- 
perimental site, rather than at the Cedar Creek weather sta- 
tion 2 km away, for years when it was available. 

Regardless of the appropriateness of the approach used, 
Nie et al. assert that potential collinearity among explanato- 
ry variables might have masked the true effects of climate 
on biomass responses in our analyses and suggest that their 
analysis with only two independent variables (growing sea- 
son rainfall and temperature) avoids such potential prob- 
lems. They found that response of Cy, biomass to eCO2 was 
positively correlated with both growing season rainfall and 
temperature (May-September) and response of C; biomass 
to eCO, was negatively correlated with growing season tem- 
perature. However, when we ran similar analyses to Nie et 
al. using annual biomass differences (between ambient and 
elevated CO.) and rainfall and temperature data from the 
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experimental site, rather than 3-year running averages of 
biomass from the experiment and 3-year running average 
climate data from the Minneapolis-St. Paul International 
Airport, we did not find any significant (P < 0.10) relation- 
ship with MJJ or May-September temperature for either 
functional group (Fig. 1). We also did not find any signifi- 
cant (P < 0.10) relationship with MJJ or May-September 
rainfall for the C3 grasses (Fig. 1). We did find a marginally 
significant positive (P = 0.08) relationship of C, biomass 
response to eCO. with May-September rainfall (Fig. 1). 
However, the simple bivariate fit of C, biomass response to 
eCO, versus May-September rainfall using annual data (and 
local climate data) was weaker (R? = 0.16, R? adjusted = 0.12) 
than when using the 3-year running average data used by 
Nie et al. (R? = 0.32). Thus, annual data do also suggest 
some degree of dependency of Cs biomass response to eCO2 
to growing season rainfall (May-Sept), similar to that previ- 
ously reported in relation to MJJ rainfall in (2), albeit not as 
strongly as suggested by the analyses of Nie et al. However, 
annual data provide no support for any such dependency for 
either functional group on summer or growing season tem- 
perature. 

Moreover, we had tested for collinearity among explana- 
tory variables in our original analyses and found it to be 
extremely modest; although we did not report these results 
in (2), we did point out that MJJ rainfall was only weakly 
correlated with year as a continuous variable (2). Thus, we 
were able to independently assess the effects of MJJ rainfall 
and year on the effects of CO, on C, versus C3 biomass [table 
SI of (2)]. As reported in (2), we noted a significant (P = 
0.0243) interaction of CO. x functional group x MJJ rainfall 
on the biomass response [table S1 of (2)]; Cs grasses were 
more responsive to eCO, when rainfall was higher, whereas 
C3; grasses were more responsive in low rainfall (the same 
conclusion Nie et al. draw from their analysis). However, we 
also found that the CO. x year x functional group interac- 
tion was significant (P = 0.0347) even after accounting for 
differential responses to rainfall for the two functional 
groups by including rainfall and rainfall interactions in the 
model [table S1 of (2)]. Thus, despite differential sensitivity 
to eCO, as a function of summer rainfall, the reversal of re- 
sponsiveness of C3; and C, plots to eCO, over time was not 
explained by interannual variation in precipitation. Includ- 
ing temperature in the above model [which we had tested 
for but did not report in (2)] did not alter the results and 
there were no interactions involving temperature and eCO, 
response for either functional group. Thus, the reversal of 
responsiveness of C3; and C, plots to eCO, over time was not 
explained by interannual variation in temperature. 

In summary, we do not believe that the approach taken 
by Nie and colleagues is sufficiently robust to overturn our 
conclusions that C; and C4 group responses to CO, were dif- 
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ferentially sensitive to summer rainfall, but that those dif- 
ferences did not cause the longitudinal shift over time in 
responses of the two groups. Figure 2 of Nie et al. is con- 
sistent with our interpretation in (2); C4 grasses responded 
more positively to eCO. in moist than dry years, and late in 
the experiment than early in the experiment. Nie et al. sug- 
gest visually that the average of 1°C warmer summers after 
2010 made the C, grass response to eCO. during those moist 
8 years stronger than during the moist 7 years from 1999- 
2005. In a full model that includes year, local summer tem- 
perature, and local summer rainfall, we find no evidence 
that responses to eCO, were greater in C, grasses in warmer 
summers ignoring summer rainfall (i.e., there was no CO, x 
functional group x MJJ temperature interaction) or in 
warmer summers that also had higher summer rainfall (i.e., 
there was no CO, x functional group x MJJ temperature x 
MJJ rainfall interaction). Thus, although their ideas are in- 
triguing, our analyses do not provide evidence to support 
them. 
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CO, effect on biomass (g m?) 


Fig. 1. Bivariate relationships between the COz effect on total C3 and C4 biomass and growing 
season climate using annual biomass and climate data. CO2 effect size = biomass under eCO2 — 
biomass under ambient CO2. Growing season is defined as May-September. Biomass data match 
those in figure S1 of (2). Note, unlike in (1), climate data are from Cedar Creek, not the Minneapolis— 
St. Paul International airport. The relationship between the COz effect size and temperature was not 
significant for either the C3 group (P = 0.55, R* = 0.02) or the C, group (P = 0.98, R* = 0.00). The 
relationship between the COz effect size and rainfall was not significant for the C3 group (P = 0.88, R? 
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= 0.00) and was marginally significant for the C4 group (P = 0.076, R? = 0.16). 
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Metals brought together 
do more 


Enzymatic reduction of oxy- 
anions such as sulfite (SO,”-) 
requires the delivery of multiple 
electrons and protons, a feat 
accomplished by cofactors 
tailored for catalysis and 
electron transport. Replicating 
this strategy in protein scaf- 
folds may expand the range of 
enzymes that can be designed 
de novo. Mirts et a/. selected a 
scaffold protein containing a 
natural heme cofactor and then 
engineered a cavity suitable 
for binding a second cofac- 
tor—an iron-sulfur cluster (See 
the Perspective by Lancaster). 
The resulting designed enzyme 
was optimized through rational 
mutation into a catalyst with 
spectral characteristics and 
activity similar to that of natu- 
ral sulfite reductases. -MAF 
Science, this issue p. 1098; 


see also p.1071 


SCIENCE sciencemag.org 


Flying fast and free 


Insect flight can be fast and 

agile, making it hard to study its 
detailed aerodynamics. Karasek 
et al. designed an untethered, 
flapping-wing robot with impres- 
sive agility that can mimic fruitfly 
maneuvers (see the Perspective 
by Ruffier). They studied the 
robot's motion during rapid 
banked turns, which revealed that 
passive motion through the turn 
generated yaw torque coupling. 
This correcting yaw rotation 
propelled the robot toward the 
escape heading needed for effec- 
tive turning. —MSL 


Science, this issue p. 1089; 
see also p.1073 


A protein designed to 
sense metabolites 


Many diseases cause char- 
acteristic changes in blood 
metabolites. Yu et al. describe 


Meng et al., p. 1094 


MIGRATION 
Bird forecast 


illions of birds migrate across the globe each 
year, and, in our modern environment, many col- 
lide with human-made structures and vehicles. 
The ability to predict peak timing and locations 
of migratory events could greatly improve 
our ability to reduce such collisions. Van Doren and 
Horton used radar and atmospheric-condition data 
to predict the peaks and flows of migrating birds 
across North America. Their models predicted, with 
high accuracy, patterns of bird migration at altitudes 
between O and 3000 meters and as far as 7 days in 
advance, a time span that will allow for planning and 
preparation around these important events. —SNV 


Science, this issue p. 1115 


Anew prediction framework will protect migrating 
birds like this blue-winged warbler. 


a paper-based assay in which 

a chosen metabolite can be 
oxidized to generate reduced 
nicotinamide adenine dinu- 
cleotide phosphate (NADPH). 
Color changes in a designed 
NADPH sensor protein are then 
quantified by a digital camera. 
The sensor system success- 
fully generated point-of-care 
measurements of phenylala- 
nine, glucose, and glutamate. 
Concentrations of phenylalanine 
in the blood of phenylketonuria 
patients were analyzed within 
minutes with only half a micro- 
liter of blood. —VV 


Science, this issue p. 1122 


Mapping global 
deforestation patterns 


Forest loss is being driven by vari- 
ous factors, including commodity 
production, forestry, agricul- 
ture, wildfire, and urbanization. 
Curtis et al. used high-resolution 
Google Earth imagery to map 
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and classify global forest loss 
since 2001. Just over a quarter of 
global forest loss is due to defor- 
estation through permanent land 
use change for the production of 
commodities, including beef, soy, 
palm oil, and wood fiber. Despite 
regional differences and efforts 
by governments, conservation- 
ists, and corporations to stem 
the losses, the overall rate of 
commodity-driven deforestation 
has not declined since 2001. 
—AMS 

Science, this issue p. 1108 


RNA takes over DNA repair 


Damage to DNA genomes is 
normally thought to be repaired 
with DNA. Pryor et al. now 
describe a clear exception (see 
the Perspective by Modesti). 
They found that RNA is routinely 
incorporated during the repair 
of DNA double-strand breaks 
through the mammalian nonho- 
mologous end-joining (NHEJ) 
pathway. In a variety of contexts, 
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including V(D)J recombination 
and Cas9-induced genome engi- 
neering, two “DNA” polymerases 
specific to NHEJ preferentially 
added RNA in cells. These RNA 
additions facilitated the critical 
step of ligation and were later 
replaced by DNA to complete the 
NHEJ repair process. —SYM 
Science, this issue p. 1126; 
see also p. 1069 


Going quantum with 
metamaterials 


Metasurfaces should allow 
wafer-thin surfaces to replace 
bulk optical components. Two 
reports now demonstrate that 
metasurfaces can be extended 
into the quantum optical 
regime. Wang et al. determined 
the quantum state of multiple 
photons by simply passing them 
through a dielectric meta- 
surface, scattering them into 
single-photon detectors. Stav 
et al. used a dielectric metasur- 
face to generate entanglement 
between spin and orbital 
angular momentum of single 
photons. The results should aid 
the development of integrated 
quantum optic circuits operat- 
ing on ananophotonic platform. 
—|SO 

Science, this issue p. 1104, p.1101 


Teasing apart ant venom 
Ant venoms are primarily made 
up of poorly characterized 
polypeptides. Robinson et al. 


2. 
~ , en 
“a A Bee 
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combined transcriptomics and 
mass spectrometry—based 
proteomics to determine the 
mechanism of action of giant 
red bull ant venoms. Most of the 
venom peptides stemmed from 
a diverse hymenopteran toxin 
gene superfamily. Two peptides 
were responsible for causing 
pain in mammals, but by two 
different mechanisms. One 
peptide had both pain-causing 
activity and incapacitated 
crickets, a food for these ants, 
thereby functioning in both 
defense and predation. —PJB 
Sci. Adv. 10.1126/sciadv.aau4640 
(2018). 


Improving Huntington’s 
disease detection 


Early detection of Huntington’s 
disease (HD) could help the 
development of therapeutic 
strategies to block or delay 
disease progression. Byrne 
et al. found that blood and 
cerebrospinal fluid concentra- 
tions of mutant huntingtin 
(MHTT) and neurofilament light 
(NfL) proteins correlated with 
disease severity in HD patients. 
Alterations in circulating mHTT 
and NfL concentrations were 
among the earliest detectable 
changes in HD. Thus, con- 
centrations of these proteins 
in biofluids might be used in 
combination with other clinical 
measures for improving the 
accuracy and efficiency of early 
HD detection. -MM 

Sci. Transl. Med. 10, eaat7108 (2018). 
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The giant red bull ant has complex multifunctional venom. 
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The benefits of marginal 
brain therapy 


Diffuse gliomas are among the 
most common brain tumors in 
adults. Surgery is often success- 
ful, but, in many patients, the 
tumor eventually recurs at the 
surgical margins. A promising 
drug targets certain mutation- 
ally altered metabolic enzymes 
in gliomas but is toxic when 
delivered systemically. Shankar 
et al. hypothesized that both 
problems could be addressed 

by applying the drug directly 

to the surgical margins imme- 
diately after tumor resection. 
They developed a diagnostic tool 
that can be used in the operat- 
ing room to determine tumor 
mutation status and, hence, drug 
sensitivity. By studying mouse 
models, they found that when 
they injected a sustained-release 
formulation of the drug directly 
into gliomas of the appropriate 
genotype, the mice survived 
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considerably longer than control 
mice. —PAK 
Proc. Natl. Acad. Sci. U.S.A. 115, E8388 
(2018). 


Unraveling the mystery of 
thalidomide 


Off-label use of thalidomide 
became a worldwide trend in 

the 1950s and early 1960s to 
alleviate morning sickness. It 
resulted in a historical tragedy, 
as thousands of babies were 
born with severe birth defects. 
Donovan et al. may have found 

a missing link to explain how 

the drug affects fetal develop- 
ment. The researchers show that 
thalidomide and closely related 
drugs rapidly degrade the tran- 
scription factor Sal-like protein 4 
(SALL4), which is necessary for 
fetal limb and organ formation. 
Adding further weight to their 
findings, certain individuals 

with mutations in the SALL4 
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in the flow.of organic matter through these ecosystems 


and to further changes in associated communitiés.of 
consumer organisms. —AMS 
J. Ecol. 10.1111/1365-2745 13053 (2018). 


gene develop abnormalities that 
resemble thalidomide-induced 
birth defects. —PNK 

eLife 7,e38430 (2018). 


PHOSPHATASE DRUGS 


Drugging the undruggable 
The reversible phosphorylation 
of proteins controls all aspects 
of life. Targeting phosphoryla- 
tion offers a broad range of 
therapeutic opportunities. 
Although kinases are among 
the most prevalent drug targets, 
phosphatases have traditionally 
been overlooked. Krzyzosiak 

et al. used surface plasmon 
resonance to develop a method 
to enable target-based discovery 
of serine/threonine phospha- 
tases. The method identified 
Raphinl, a selective inhibitor of 
the regulatory subunit of protein 
phosphatase 1, PPP1R15B, a 
negative regulator of protein 
quality control. Raphinl boosted 
protein quality control in cells 
and slowed down disease 
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Laminaria ochroleuca 
is moving north 
as the climate warms. 


progression in a mouse model of 
Huntington's disease. —SMH 
Cell 174, 1216 (2018). 


PHYSICS 
The entropy of a few 


Mesoscopic structures have 
been predicted to host topologi- 
cally nontrivial quantum states 
that could form the basis of 


ye. y 4 4 , 


fault-tolerant quantum com- 
puting. Distinguishing these 
states from more mundane 
ones is tricky; one potentially 
distinguishing characteristic is 
the entropy of the state, which 
would have to be measured to 
high precision in a system of only 
a few particles. Hartman et al. 
demonstrate such a technique 
and validate it using a well- 
understood GaAs quantum dot 
system. The method is based 
on the relationship between 
changes in the chemical poten- 
tial and changes in temperature, 
entropy, and the number of 
particles residing on the dot. Its 
precision suggests that it could 
be used in more exotic settings. 
—JS 
Nat. Phys. 10.1038/s41567-018-0250-5 
(2018). 


ENVIRONMENT 
Following plastic through 


the economy 


Over the past 50 years, plastic 
production and pollution have 
surged. Efforts to better handle 
plastic waste require detailed 
knowledge of the life cycles of 
different plastic types. Kawecki 
et al. report a probabilistic 
study of the life cycles of seven 
polymers that together make 
up 80% of the plastics used 

by manufacturers in Europe. 
The authors provide a detailed 
picture of the production, 
manufacturing, consumption, 
waste collection, and recycling, 
including trade flows, for each 
polymer, with a particular focus 


er ad 


Reducing plastic pollution requires better knowledge of its entire life cycle. 
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on textiles. The results can 
be used to predict how much 
plastic is likely to be released 
into the environment at differ- 
ent stages of each plastic’s life 
cycle, thus informing strategies 
for preventing plastic pollution. 
—JFU 
Environ. Sci. Technol. 52, 9874 (2018). 


PROTEIN FOLDING 
Specialized chaperones 
required 


Although some proteins can 
reach a properly folded state 
without assistance, many 
require help to adopt the cor- 
rect topology and avoid kinetic 
trapping in nonnative states. 
Chaperones encapsulate guest 
proteins and use adenosine 
triphosphate (ATP)—driven 
conformational changes to help 
them fold, but not all chaper- 
ones work for all substrates. 
Balchin et al. compared the fold- 
ing pathway of the cytoskeleton 
protein actin with its proper 
chaperone, TRiC, to the incor- 
rect folding that occurs with 
the bacterial chaperone GroEL. 
TRIC functions by stabilizing 
an extended form of actin with 
the proper secondary structure 
and topology. ATP binding and 
hydrolysis drives release of this 
partially folded intermediate 
into the chaperone where it can 
successfully fold. GroEL fails to 
bind the intermediate properly 
and thus is not able to success- 
fully fold actin, even after ATP 
binding and hydrolysis. —MAF 
Cell 174, 1507 (2018). 
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(IL-)2 be or not to be? 


Immunological T follicular helper 
(T,,,) cells are a subpopulation 
of CD4* T cells that support B 
cell antibody production and the 
establishment of B cell memory. 
By contrast, non-T, cells 
orchestrate enhanced innate 
immune cell functions at sites of 
pathogen encounter. The factors 
underlying differentiation into a 
T,,, or non-T,,, cell remain poorly 
understood, though there is 
evidence to suggest that the 
T cell growth factor interleukin-2 
(IL-2) may play a role. Using 
IL-2 reporter mice, DiToro et al. 
show that naive CD4* T cells that 
produce IL-2 are fated to become 
T,,, cells, whereas nonproduc- 
ers, which receive IL-2, become 
non-T,,, cells. The CD4* T cell- 
fate decision was linked to T cell 
receptor strength—only those 
naive CD4* T cells that received 
the highest T cell receptor signals 
were able to produce IL-2. —STS 
Science, this issue p. 1086 


ORGANIC CHEMISTRY 
Steering together all four 
Ugi pieces 
The nearly 60-year-old Ugi 
reaction is a remarkably efficient 
means of linking together four 
molecular building blocks: an 
aldehyde, an amine, a carboxylic 
acid, and an isocyanide. Because 
each component is indepen- 
dently tunable, the reaction 
is especially well suited to the 
assembly of diverse compound 
libraries. However, stereose- 
lectivity has been a challenge. 
Zhang et al. now show that chiral 
phosphoric acids can catalyze 
the four-component coupling 
with high enantioselectivity (see 
the Perspective by Riva). Theory 
suggests that a hydrogen- 
bonded complex involving the 
phosphoric acid and carboxylic 
acid sets the stereochemistry 
for isocyanide attack on an imine 
intermediate. —JSY 

Science, this issue p. 1087; 

see also p.1072 


1085-B 


NEUROSCIENCE 
Representing the identity 
of a smell 


We still don’t know how odors 
retain their identities over a 
range of concentrations. Working 
in mice, Bolding and Franks 
simultaneously recorded spik- 
ing activity from neurons in the 
olfactory bulb and piriform cortex, 
two important brain regions for 
olfaction. Odor information was 
transformed from a representa- 
tion that was highly concentration 
dependent in the olfactory bulb 
to arepresentation that was 
largely concentration invari- 
ant in the piriform cortex. The 
underlying mechanism involves 
a “winner-takes-all” lateral inhibi- 
tion. In the collateral network of 
the piriform cortex, the principal 
cells responded promptly to 
output from the olfactory bulb, 
and recurrent inhibition curtailed 
the intensity dependence of the 
signal. —PRS 

Science, this issue p. 1088 


SOLAR CELLS 
Tailoring tandem organics 


Tandem solar cells can boost effi- 
ciency by using a wider range of 
the solar spectrum. The bandgap 
of organic semiconductors can be 
tuned over a wide range, but, for a 
two-terminal device that directly 
connects the cells, the currents 
produced must be nearly equal. 
Meng et al. used a semiempirical 
analysis to choose well-matched 
top- and bottom-cell active layers. 
They used solution processing 
to fabricate an inverted tandem 
device that has a power conver- 
sion efficiency as high as 17.4%. 
—PDS 

Science, this issue p. 1094 


PROTEIN TARGETING 
ER-SURF protein import 
into mitochondria 


Eukaryotic cells contain mem- 
brane-bound organelles, defined 
by distinct protein compositions. 
Almost all cellular proteins are 
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synthesized in the cytosol, and 
thus, organelle-resident proteins 
must be directed to their appro- 
priate location after synthesis. 
Working in yeast, Hansen et al. 
identified a protein-targeting 
paradigm termed ER-SURF, in 
which the membrane expanse of 
the endoplasmic reticulum (ER) 
serves as a “capture net” for mito- 
chondrial proteins. This process 
productively redirected 
mitochondrial precursor proteins 
for efficient mitochondrial import. 
Thus, two distinct organelles, 
once thought to be mutually 
exclusive protein destinations, 
can cooperate during protein 
targeting. —SMH 


Science, this issue p. 1118 


SUSTAINABILITY 


Gaia enters a new state 
According to the Gaia hypoth- 
esis, living organisms and their 
inorganic environments form a 
self-regulating system that helps 
to maintain the conditions for life 
on Earth. In a Perspective, Lenton 
and Latour argue that Gaia is 
entering a new state—Gaia 2.0— 
in which humans are becoming 
aware of their influence on Earth 
processes and will change their 
behavior to improve conditions 
for life on Earth. The authors 
explore some of the fundamental 
features of Gaia and how they can 
inform efforts to maintain a self- 
regulating, human life—supporting 
planet. —JFU 

Science, this issue p. 1066 


CANCER THERAPY 
A target for 
medulloblastoma 


Medulloblastoma is an aggressive 
brain tumor that most often arises 
in children and lacks targeted 
therapeutic options. The subtypes 
driven by the sonic hedgehog 
(SHH) pathway are particularly 
resistant to current drugs, such as 
SMO inhibitors that suppress this 
pathway. Purzner et al. found that 
the kinase CK2 drove SHH signal- 
ing in medulloblastoma. CK2 
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inhibitors blocked the growth of 
SMO inhibitor—resistant, SHH-type 
human and mouse medulloblas- 
toma cells and markedly extended 
the survival of tumor-bearing mice. 
Aclinical trial is under way to test a 
Ck2 inhibitor in pediatric patients. 
—LKF 

Sci. Signal. 11, eaau5147 (2018). 


ALLERGY 
Age matters in allergy 


Development of allergy is driven by 
the type 2 cytokines interleukin-4 
(IL-4), IL-5, and IL-13. Type 2 innate 
lymphoid cells (ILC2s) and T cells 
can produce these cytokines. 
Saglani et al. studied mouse mod- 
els of allergic airway inflammation 
and found that the contributions of 
T cells and ILC2s were dependent 
on age. T cells were the predomi- 
nant source of IL-13 in neonatal 
mice, whereas ILC2s were mainly 
responsible for cytokine production 
in adult mice. Given that neonates 
have fewer T cells than adults, the 
results are contrary to expectations 
and bring to the fore an unappreci- 
ated role of neonatal T cells. —AB 
Sci. Immunol. 3,eaan4128 (2018). 


PLANT SCIENCE 
Rapid, long-distance 
signaling in plants 
A plant injured on one leaf by a 
nibbling insect can alert its other 
leaves to begin anticipatory defense 
responses. Working in the model 
plant Arabidopsis, Toyota et al. show 
that this systemic signal begins 
with the release of glutamate, 
which is perceived by glutamate 
receptor-like ion channels (see the 
Perspective by Muday and Brown- 
Harding). The ion channels then set 
off a cascade of changes in calcium 
ion concentration that propagate 
through the phloem vasculature 
and through intercellular chan- 
nels called plasmodesmata. This 
glutamate-based long-distance 
signaling is rapid: Within minutes, 
an undamaged leaf can respond to 
the fate of a distant leaf. —PJH 
Science, this issue p. 1112; 
see also p. 1068 
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Differential IL-2 expression defines 
developmental fates of follicular 
versus nonfollicular helper T cells 


Daniel DiToro*, Colleen J. Winstead*, Duy Pham, Steven Witte, Rakieb Andargachew, 
Jeffrey R. Singer, C. Garrett Wilson, Carlene L. Zindl, Rita J. Luther, Daniel J. Silberger, 
Benjamin T. Weaver, E. Motunrayo Kolawole, Ryan J. Martinez, Henrietta Turner, 
Robin D. Hatton, James J. Moon, Sing Sing Way, Brian D. Evavold, Casey T. Weavert 


INTRODUCTION: The adaptive immune sys- 
tem has evolved to mount different types of 
responses that are matched to the type of in- 
vading pathogen. For CD4* T cells, this is pre- 
dicated on the multipotentiality of clonally 
restricted naive T cells, which differentiate 
into distinct subsets of effector T cells con- 
tingent on recognition of cognate antigen and 
cytokine cues from cells of the innate immune 
system. There are two broad divisions of effector 
CD4°* T cells: T follicular helper (Tyy) cells, 


which are programmed to interact with B cells 
within lymphoid tissues to support produc- 
tion of high-affinity, class-switched antibodies, 
and non-T py effector cells, including T helper 
1(Ty1), Ty2, and Ty17 cells, which are pro- 
grammed to egress from lymphoid tissues to 
orchestrate heightened innate immune cell 
function at sites of pathogen entry. The mech- 
anisms controlling bifurcation into Ty versus 
non-Tyy effector cell pathways are incom- 
pletely understood. 


IL-2—producing CD4* T cells become T,,, cells, whereas IL-2 nonproducers 
become non-T, cells. (Left) Strong TCR signaling via an antigen presenting 


cell induces //2 and Bcl6 gene expression (red pathway); weaker - is 
signaling induces expression of non-Try genes (blue pathway), including 


© Germinal N 


Prdml and Sipr1, which encodes the S1P receptor SIPR1. Bcl6* cells ii center \ 
(red) secrete IL-2 in trans to T regulatory (Treg) cells (yellow) and — °1C0s : 
recently activated IL-2” cells (blue), up-regulating IL-2 receptor IL2ra { o° | 


and reinforcing Prdm1. (Top right) Bcl6* cells engage cognate q 25 
B cells (green) and migrate to germinal centers (GCs); Bcl6* Q 


° Y CD40L_,’ 
Tru Cells mature into GC-Try cells. (Bottom right) Prdm1* o 8a" d 
cells migrate to efferent lymphatics and mature into CXCLIZ—© 0 SAL 5 
non-Try effectors in nonlymphoid tissues. MHCIl, major @%% —— 
fe) 


histocompatibility complex class II; ICOS, inducible costim- 


ulator; CXCRS5, a receptor for chemokine CXCL13. 
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RATIONALE: An impediment to understand- 
ing mechanisms controlling Tpy-non-T yy cell 
divergence is an absence of early markers to 
define cells destined for these alternative fates. 
Unlike effector CD4* T cells, which produce a 
diversity of cytokines that define their pheno- 
type and function, naive CD4" T cells are largely 
limited to the rapid production of interleukin-2 
(IL-2) when activated by antigen. IL-2 is only 
produced by a subset of activated naive T cells, 
suggesting a possible relationship between IL-2 
production and effector cell fate determination. 
To explore this, we developed two IL-2 reporter 

mice strains with com- 
plementary features that 
Read the full-article enabled the tracking and 
at http://dx.doi. deletion of T cells on the 
org/10.1126/ basis of differential IL-2 
science.aao2933 expression. This allowed 
us to determine whether 
naive T cells that do, or do not, produce IL-2 
are biased in their developmental program- 
ming and, if so, how. 


RESULTS: RNA sequencing of naive T cells 
sorted on the basis of IL-2 reporter expression 
identified cosegregation of transcripts encod- 
ing IL-2 and Bcl6—the signature transcription 
factor of Ty cells. Conversely, IL-2-negative 
(IL-2°) cells preferentially expressed the gene 
Prdm1, which encodes the transcriptional re- 
pressor Blimp1. Blimpl, in turn, antagonizes 
Bcl6 and the T;;; developmental program. This 
suggested that IL-2 producers give rise to Ty 
cells, whereas IL-2 nonproducers give rise to 
non-T} effector cells. Moreover, the fact that 
IL-2 receptor signaling induces expression of 
Prdmi via Stat5 suggested that IL-2 producers 
resisted IL-2 signaling and activated IL-2 signal- 
ing in nonproducers in trans. Indeed, in vivo 
studies established that IL-2 signaling was 
mostly paracrine and that depletion of IL-2- 
producing cells selectively impaired Ty cell 
development. Finally, IL-2 expression was lim- 
ited to a subset of naive T cells that received the 
strongest T cell receptor (TCR) signals, establishing 
a link between TCR signal strength, IL-2 prod- 
uction, and Ty; versus non-T}; differentiation. 


CONCLUSION: This study provides new insights 
into the mechanisms that control early bifurcation 
of CD4* T cells into Ty; and non-T, effectors. 
Naive T cells that receive differing strengths of 
TCR signals stratify into those that exceed a 
threshold predisposing them to IL-2 production 
and early Ty commitment and those that do not 
express IL-2 yet receive IL-2 signaling, which 
reinforces non-T py effector commitment. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
{Corresponding author. Email: cweaver@uab.edu 

Cite this article as D. DiToro et al., Science 361, eaao2933 
(2018). DOI: 10.1126/science.aao2933 


lof1 


8L0z ‘€} 4sequejides uo /fio Beweouslos'sous!0s//:dijy Wo papeojuMog 


RESEARCH 


RESEARCH ARTICLE 


IMMUNOLOGY 


Differential IL-2 expression defines 
developmental fates of follicular 
versus nonfollicular helper T cells 
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In response to infection, naive CD4* T cells differentiate into two subpopulations: 

T follicular helper (Tf) cells, which support B cell antibody production, and non-Try, cells, 
which enhance innate immune cell functions. Interleukin-2 (IL-2), the major cytokine 
produced by naive T cells, plays an important role in the developmental divergence of these 
populations. However, the relationship between IL-2 production and fate determination 
remains unclear. Using reporter mice, we found that differential production of IL-2 by 
naive CD4* Tcells defined precursors fated for different immune functions. IL-2 producers, 
which were fated to become Try, cells, delivered IL-2 to nonproducers destined to 
become non-Try, cells. Because IL-2 production was limited to cells receiving the strongest 
T cell receptor (TCR) signals, a direct link between TCR-signal strength, IL-2 production, 
and T cell fate determination has been established. 


aive CD4* T cells are multipotent precursors 

that differentiate into functionally distinct 

effector subsets to coordinate different as- 

pects of immunity. T helper 1 (Ty), Ty2, 

and Ty17 cells are products of develop- 
mental pathways induced by different classes of 
pathogens. They are programmed to egress from 
T cell zones of secondary lymphoid tissues soon 
after induction to orchestrate heightened innate 
immune cell function at sites of pathogen entry. 
T follicular helper (Ty) cells develop concurrently 
with Ty, Ty72, and T}17 cells but are programmed 
to migrate to B cell zones within secondary lym- 
phoid tissues. They provide help to B cells to 
support the production of high-affinity, class- 
switched antibodies. T;4- and non-Try effector 
cell development diverges early in evolving adapt- 
ive responses. However, the type of immune 
response (type 1, 2, or 3) is linked such that 
pathogen-clearance mechanisms mediated by 
innate immune cells are amplified by coordinated 
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help from non-Tyy cell effectors and the anti- 
bodies that result from Ty, cell-mediated B cell 
help. Cytokines elicited from innate immune cells 
by pathogens appear to be dominant in determin- 
ing the type of adaptive response (7), whereas 
the intensity of T cell receptor (TCR) signaling 
appears to contribute to T;4y-non-Tyy cell spe- 
cification (2) by mechanisms that are incom- 
pletely understood. 

An impediment to understanding the mecha- 
nisms controlling Ty;-non-T yy cell divergence is 
the absence of reliable early markers to define 
cells destined for these alternative fates. Unlike 
effector CD4* T cells, which are distinguished by 
a diversity of cytokines that define their pheno- 
type and function, naive CD4* T cells are largely 
limited to the production of interleukin-2 (IL-2), 
which is produced rapidly by a subset of antigen- 
activated cells (3). Through the activation of 
Stat5 and induction of Blimp! (4, 5), IL-2 sup- 
presses Bcl6—a central Ty} transcription factor— 
and, consequently, Tp; development (6). This 
implies a direct relationship between the prod- 
uction of IL-2 by naive CD4* T cells and their 
development into either non-Tyy; or Try effector 
cells. We explored this relationship using trans- 
genic mice engineered to report the expression 
of IL-2. 


IL-2 and Bcl6 expression cosegregate 
within hours of naive T cell activation 


IL-2.eGFP reporter mice were generated by the 
targeted insertion of an IRES-eGFP (internal ri- 
bosome entry site-enhanced green fluorescent 
protein) expression cassette into the fourth exon 
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of the endogenous J/72 gene (Fig. 1A). Naive CD4* 
T cells from IL-2.eGFP mice stimulated under 
nonpolarizing conditions in vitro diverged into 
CD69°IL-2* (GFP*) and CD69*IL-2° (GFP) sub- 
populations within hours of activation and before 
cell division (Fig. 1, B to E). Reporter expression 
was rapidly detectable and peaked at approx- 
imately 24 hours before declining. This decline 
lagged production of IL-2 because of the rela- 
tively long half-life of the reporter. To define 
genes differentially expressed by IL-2 producers 
and nonproducers, CD69*IL-2* and CD69*IL-2- 
cells were analyzed by RNA-sequencing (RNA- 
seq) (Fig. 1C). Among the 151 genes that were 
preferentially expressed by IL-2* cells were Bcl6 
and the tumor necrosis factor (TNF) super- 
family member Cd401, which are important in 
Tru cell development or function, respectively. 
Also enriched in IL-2* cells was Zbtb32, which, 
like Bcl6, encodes a member of the POK/ZBTB 
family of transcription factors and has been 
shown to restrict the expression of Ty1 and Ty2 
cell cytokines (7). By contrast, among the 210 
genes preferentially expressed by IL-2" cells were 
multiple genes characteristic of non-T effector 
cell differentiation, including Prdm1, which en- 
codes Blimp], as well as SIpri and K//2. Similar 
results were obtained from an analysis of naive 
SMARTA TCR-transgenic IL-2.eGFP CD4" T cells 
stimulated with antigen (fig. S1). Slpr1 is re- 
quired for the egress of non-Tyy, effector CD4* 
T cells from secondary lymphoid tissues (8), and 
its expression inhibits T}, development in vivo 
(9, 10). Klf2 suppresses Ty; differentiation while 
promoting non-Tyy effector cell differentiation, 
at least in part via the induction of Blimp] (9). 
These findings, which were independently val- 
idated by quantitative polymerase chain reac- 
tion (qPCR) (Fig. 1, D and E), suggested that 
IL-2 producers may be fated to become Try 
cells, whereas IL-2 nonproducers may be fated 
to become non-Tyy effector cells. Akin to find- 
ings in CD4* T cells, the differential expression of 
Bcl6 and Blimp! was found in IL-2* and IL-2” 
subsets isolated from activated naive CD8* T cells 
(fig. S2). This suggests that, despite their lower 
production of IL-2 relative to that of CD4* T cells, 
early divergence of CD8* T cells destined to 
become Blimp1* short-lived effector cells or 
Bcl6* memory precursor effector cells (17) may 
be similarly linked to the differential expression 
of IL-2. 

The differential expression kinetics of Bcl6 and 
Prdm1 by CD4* T cells were discordant (Fig. 1D). 
Bcl6 expression tracked with /22 expression and 
decayed to background levels as Prdm1 expres- 
sion increased. Indeed, at the peak of differential 
Bcl6 expression (8 hours), PrdmI expression re- 
mained at background levels in both IL-2* and 
IL-2" cells. Thus, although these transcription 
factors are believed to be directly antagonistic 
in the specification of Ty versus non-T ef- 
fectors (12), the rapid, reciprocal expression of 
Bcl6 in IL-2* and IL-2° fractions was not con- 
trolled by Blimp1. Instead, we found differential 
expression of the gene encoding Mxd1 (also known 
as Madl) (Fig. 1C and fig. S3), which has been 
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shown to directly bind and down-regulate Bcl6 
during the differentiation of germinal center B 
cells into plasma cells (13). The contemporane- 
ous, reciprocal expression of Maxdi and Bcl6 
antecedent to the expression of Prdm1 suggests 


that repression of Bcl6 by Mxd1, rather than by 
Blimp1, may contribute to the early bifurcation 
of Tyy and non-Tyy effectors (Fig. 1D and fig. $3). 

Although Bcl6, like Blimp], often acts as a 
transcriptional repressor, the parallel kinetics 


of [12 and Bcl6 expression suggested that Bcl6 
may positively regulate 22 expression. Thus, 
we performed chromatin immunoprecipitation 
(ChIP) analysis of conserved noncoding sequences 
in the //2 promoter and 35 kb upstream that were 
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Fig. 1. Differential expression of Bcl6 and Blimp1 by IL-2* and IL-2~ 
Tcells (A) Gene-targeting strategy for the generation of IL-2.eGFP knockin 
reporter mice. The loxP-flanked neomycin resistance cassette 

was deleted by crossing founders to Ella-Cre transgenic mice. (B) Sorted 
naive (GFP -CD44-CD62L"*) IL-2.eGFP CD4* T cells were labeled with 
CellTrace Violet (CTV), stimulated in vitro with soluble anti-CD3 (5 ug/ml) 
and irradiated CD4-depleted feeder cells, and then examined for expres- 
sion of CD69 and IL-2.eGFP by flow cytometry at the indicated time 
points. Data are representative of four experiments with at least three 
replicates per condition. CTV staining was performed in two of four 
experiments. (C) Total RNA isolated from naive IL-2.eGFP CD4* T cells 
stimulated for 18 to 24 hours as in (B) and fluorescence-activated cell 
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sorter (FACS)-purified into CD69*GFP™ (IL-27) or CD69*GFP* (IL-2*) 
fractions was analyzed by comparative expression profiling with RNA-seq. 
Data depict two biological replicates per condition. padj, adjusted P value. 
(D) RNA isolated from IL-2.eGFP CD4* T cells stimulated and FACS- 
purified as in (C) was analyzed by qPCR for expression of //2, Bcl6, and 
Prdm1 at the indicated time points. Error bars represent SEM of three 
technical replicates per sample. Data are representative of four 
experiments. (E) Validation of selected transcript expression with RNA 
isolated from IL-2.eGFP CD4* T cells stimulated and FACS-purified as in 
(C). Three technical replicates per sample are shown. Data were analyzed 
by using Student's t tests and are representative of two experiments. 
**P < 0.01; ***P < 0.001; ****P < 0.0001; error bars depict SEM. 
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identified by ATAC-seq (assay for transposase- 
accessible chromatin-sequencing) analysis as 
accessible in IL-2* cells compared with naive and 
IL-2 cells (Fig. 2A). Bcl6 preferentially bound 
these sites in IL-2-producing cells relative to IL-2 
nonproducers, at a time point (20 hours) when 
the expression of Bcl6 and Blimp! overlapped 
(Fig. 2B). Blimp! preferentially bound these sites 
in IL-2" cells, as did Foxol, which was recently 
shown to suppress Ty; differentiation (14). The 
permissive histone modification trimethylated 
histone H3 lysine 4 (H3K4me3) was significantly 
enriched in IL-2* cells at the sites of Bcl6 bind- 
ing, whereas repressive H3K27me3 histone marks 
were reduced in both IL-2* and IL-2° cells rel- 
ative to naive cells. Thus, the expression of [/2 
correlated positively with Bcl6 binding at sites 
of induced chromatin accessibility in the 1/2 
gene locus and negatively with binding of Blimp1 
(and Foxol) at the same sites. Because the ex- 
pression of Prdm1 significantly trailed the peak 
of differential J/2 expression (Fig. 1D), occupancy 
of these sites by Blimp1 did not appear to be 
required for the repression of 12 early in IL-2™ 
cells. Rather, Blimp1 appeared to act primarily to 
reinforce the lack of //2 expression in the IL-2~ 
fraction of activated naive T cells at later time 
points. This is consistent with Blimp1!’s reported 
role as a feedback inhibitor of IL-2 (15, 16). These 
findings indicate that, in addition to its predictive 
value in defining early precursors of Tyy and 
non-T}; effector cells, expression of IL-2 may be 
directly regulated by the antagonistic actions 
of Bcl6 versus Blimpl and Foxol at conserved 
cis-regulatory elements in the //2 gene locus. 
Because Ty; cell development occurs concur- 
rently with each of the CD4" T effector cell 


pathways, we determined if the correlation be- 
tween reciprocal expression of Bcl6-Blimp1 and 
IL-2 occurred under Ty], Ty2, and Ty17 cell 
polarizing conditions (Fig. 3A), as it did for T,0 
cells (Figs. 1 and 3). Under each of these activa- 
tion conditions, the expression of the IL-2.eGFP 
reporter was limited to a subset of cells ex- 
pressing the highest amounts of CD69 (Fig. 3A). 
GFP expression also correlated positively with 
Bcl6 expression and negatively with Prdm1 ex- 
pression (Fig. 3B). Cells activated under T}17 
cell conditions expressed the highest frequency 
and single-cell levels of IL-2, despite the reported 
suppression of T};17 cell differentiation by IL-2 
signaling (17). Thus, 7/2 and Bcl6 expression 
mirrored one another under each of the con- 
ditions examined (Fig. 3B), and the highest 
amounts of /12 and Bcl6 were found in IL-2* 
cells activated under Ty17 cell conditions. This 
may reflect the shared requirement for IL-6 in 
both Ty17 and Ty cell developmental programs. 


IL-2 signaling is predominantly paracrine 


Although the foregoing studies suggested a link 
between //2 gene expression and Tpy-non-Try 
cell fate determination, the differentiation of 
physiologic Tyy cells ex vivo has not yet been 
established. Thus, we examined this relationship 
in vivo, in the context of infection with ActA- 
deficient Listeria monocytogenes (ActA-Lm) 
(2, 18). This attenuated type 1 bacterial pathogen 
was engineered to express peptide antigens, which 
enabled the tracking of endogenous antigen- 
specific CD4* T cell responses with peptide- 
loaded major histocompatibility complex class 
II (MHCII) (p:MHC) tetramers or transferred 
TCR-transgenic T cells (2, 19). Naive CD4* T cells 


from CD45.2* IL-2.eGFP-SMARTA TCR-transgenic 
mice were transferred into wild-type (WT) CD45.1* 
mice and infected with ActA-Lm that express 
ovalbumin (OVA) peptide and the gp66 peptide 
recognized by the SMARTA TCR (ActA-Lm- 
OVA-gp66). Antigen-activated SMARTA T cells 
were recovered near the peak of IL-2 expression 
and sorted into IL-2* and IL-2" fractions for dif- 
ferential gene expression analysis by RNA-seq 
(Fig. 4A). In agreement with our in vitro findings 
(Fig. 1C), IL-2* cells were significantly enriched 
for expression of 12, Bcl6, Zbtb32, and CD40l, 
whereas IL-2° cells were significantly enriched 
for Prdm1, Sipri, and K1f2. Multiple Ty1 cell- 
associated transcripts (e.g., [fng, 112rb2, Lib, and 
Gzmb) were identified in IL-2 cells, consistent 
with the induction of type 1 immunity by ActA-Lm. 
Gene set enrichment analysis (GSEA) identified 
enhanced activity of multiple effector signaling 
pathways in IL-2" cells. Of these, two of the most 
significant were interferon- and inflammatory- 
signaling gene sets (Fig. 4B). By contrast, the 
most significantly enhanced gene sets in IL-2* 
cells were those of Myc and the E2F family of 
transcription factors (Fig. 4B and fig. S4, A and 
B). Both are involved in cell-cycle regulation 
and are suppressed by Blimp] in germinal center 
B cells (20, 27). Mxdl, the transcript for which 
was again one of the most highly enriched in IL- 
2 cells, antagonizes Myc by competing for bind- 
ing to a shared dimerization partner, Max (22). 
Myc expression by T cells correlates directly 
with strength of activation (23, 24), implicating 
a role for Mxdl1 in restraining the actions of 
Myc in less strongly activated T cells and con- 
sistent with expression of IL-2 by more strongly 
activated naive CD4* T cells. 
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Fig. 2. Differential chromatin accessibility and transcription factor 
binding at the //2 locus in IL-2* and IL-2~ T cells. (A) ATAC-seq was 
performed on nuclei isolated from naive (GFP-CD44-CD62L"*) IL-2.eGFP 
CD4* T cells and FACS-purified CD69*GFP* (IL-2*) and CD69*GFP™ (IL-27) 
fractions treated as in Fig. 1C. Chromatin accessibility peaks were 
visualized by using Integrated Genome Browser (IGB) and are shown 
aligned against a VISTA plot of syntenic regions of mouse and human 
chromosomes corresponding to //2-/!21 and /L2-IL21 gene loci, respectively. 
Data are representative of two experiments. (B) Naive IL-2.eGFP CD4* 
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T cells were treated as in Fig. 1C, and the IL-2 promoter region (l/2p) and 
conserved noncoding sequence 35 kb upstream of the //2 transcription 
start site (CNS-35) of CD69*GFP* (IL-2*) and CD69*GFP (IL-27) fractions 
were analyzed by quantitative ChIP-PCR for the presence of Bcl6, Blimpl, 
and Foxol binding or H3K4me3 and H3K427me3 histone modifications, 
normalized to total DNA input. Three technical replicates per group are 
shown. Data for each region were analyzed separately by one-way analysis 
of variance (ANOVA). Not significant (ns), P > 0.05; *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001; error bars depict SEM. 
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Notably, 712ra, which encodes the inducible, 
high-affinity component of the IL-2 receptor 
(IL-2ra, or CD25) that is up-regulated on ac- 
tivated T cells, was enriched in IL-2° cells (Fig. 
4A). Accordingly, the hallmark IL-2-Stat5 signal- 
ing gene set was significantly enriched in IL-27 
cells (Fig. 4B). Among a manually curated con- 
sensus list of 23 gene sets modulated by IL-2 
signaling (fig. S4C), those up-regulated in response 
to IL-2 were enriched in IL-2° cells, many of 
which include J/2ra (fig. S4, D and E). By con- 
trast, genes down-regulated in response to IL-2 
were enriched in IL-2* cells. 

Collectively, these findings support a model in 
which highly activated naive T cells up-regulate 
Bcl6, produce IL-2, and are fated to become Try 
effectors. IL-2 producers deliver IL-2 to non- 
producers, inducing the latter’s up-regulation of 
Blimp! and differentiation into non-Tyy effec- 
tors. To examine the relationship between IL-2 
production and utilization in vivo and directly 
address the fate of IL-2 producers and non- 
producers, we generated a second transgenic 
IL-2 reporter mouse line with features com- 
plementary to those of the IL-2.eGFP mice (Fig. 
4C). IL-2.BAC-in Thy1.1 (2BiT) reporter mice were 
engineered to express high amounts of the sur- 
face molecule Thyl.1 under control of the 2 
gene locus to facilitate intracellular costaining 
by flow cytometry and enable the in vivo dele- 
tion of IL-2-producing cells (25). As with T cells 
from IL-2.eGFP mice, activated (CD69*) 2BiT 
T cells rapidly bifurcated into Thyl.1* (IL-2") and 
Thyl.1 (IL-2°) fractions (Fig. 4D and fig. S5). 
To determine whether IL-2 production and sig- 
naling segregate in antigen-activated naive CD4* 
T cells, 2BiT mice were infected with ActA-Lm 
and analyzed for the expression of IL-2 versus 
intracellular phospho-Stat5 (p-Stat5) at the peak 
of IL-2 expression (Fig. 4E). Reciprocal IL-2 ex- 
pression and IL-2 signaling were observed; Thy1.1 
(IL-2) was almost exclusively expressed by p-Stat5~ 
CD4* T cells (Fig. 4E), whereas p-Stat5 was limited 
to Thyl1.1 cells. Consistent with gene expression 
results (Fig. 4A), nearly all Thyl.1° cells were 
CD25— at this time point, whereas nearly all p-Stat5* 
cells were CD25". Thus, IL-2 signals predominantly 
in a paracrine, not autocrine, manner (26). More- 
over, IL-2 producers are initially resistant to IL-2 
signaling, in accord with their lack of CD25 
up-regulation. 

Most endogenous p-Stat5* CD4* T cells im- 
mediately after infection are Foxp3* regulatory 
T (Treg) cells (26), owing to their constitutive ex- 
pression of CD25 and relative abundance com- 
pared with that of naive clonal precursors. To 
examine IL-2-induced Stat5 signaling in naive 
pathogen-specific non-Tyeg cells, naive CD45.2* 
2BiT-SMARTA T cells were transferred into 
CD45.1* WT mice infected with ActA-Lm ex- 
pressing the gp66 peptide (ActA-Lm-OVA-gp66) 
(Fig. 4F). Analysis of transferred 2BiT-SMARTA 
(clonotypic) and endogenous CD4* T cells showed 
that the majority of endogenous p-Stat5* cells 
were Foxp3*, whereas p-Stat5* clonotypic T cells 
were Foxp3’. Thus, the paracrine model of IL-2 
signaling applies to both “bystander” T,.. cells 
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Fig. 3. Bcl6 and IL-2 cosegregate early in each T effector cell developmental program. (A) Naive 
(GFP CD44-CD62L*CD69° CD25) IL-2.eGFP CD4* T cells were stimulated in vitro under 

THO, Tl, TH2, and Ty17 cell conditions for 20 hours and examined by flow cytometry for CD69 

and IL-2.eGFP expression. Data are representative of two experiments. Flow plots depict cell 
number-controlled concatenated averages of three samples per group. Error bars depict SD. gMFI, 
geometric mean fluorescence intensity. (B) Experiment performed as in (A), with CD69* IL-2.eGFP* 
and |L-2.eGFP” CD4* T cells sorted 20 hours after activation. RNA was isolated and analyzed by 

qPCR for expression of //2, Bcl6, and Prdm1. Three technical replicates per condition are shown. N, naive 
T cells. Error bars depict SEM. Data for (A) and (B) are representative of two experiments each. 


as well as naive CD4* T cells responding to 
infection. 


Tru cells are derived from IL-2 producers 


To examine the fate of antigen-activated IL-2- 
producing and -nonproducing T cells in vivo, 
2BiT mice were treated with a depleting anti- 
Thyl.1 or nondepleting control antibody (25) 
immediately before infection with ActA-Lm co- 
expressing OVA and the antigenic peptides gp66, 
2WIS, Cbirl, or FliC (Fig. 5 and fig. S6). MHCTI- 
tetramer analysis of endogenous CD4* T cells 
specific for each of these peptides showed that 
IL-2 (Thy1.1) expression was restricted to CKCR5* 
cells and that the depletion of IL-2-expressing 
cells preferentially eliminated T;,; cells and spared 
non-T yy (Ty1) effectors, as defined by expression 
of CXCR5 and PD-1 (Fig. 5A and fig. S6) or 
CXCR5 and Bcl6 (Fig. 5B). Notably, the number 
of non-T»; effectors was not compromised by the 
depletion of IL-2 producers (Fig. 5C). This sug- 
gested that IL-2 was not required for the clonal 
expansion of non-T effectors. However, this likely 
reflects the discordant kinetics of IL-2 secretion 
relative to reporter expression and antibody- 
mediated cell depletion, because IL-2 reporter 
expression and Stat5 phosphorylation were only 
partially decreased at the peak of IL-2 expression 
(fig. S7). Thus, Ty}; effector cells developed from 
IL-2-expressing precursors, whereas non-Tyy 
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effectors did not. Accordingly, IL-2 was a reliable 
marker with which to distinguish precursors 
fated to become Try or non-T¢y effector cells. 

Although surface markers define Ty; cells 
capable of providing B cell help, Ty cell function 
is predicated on a subset of Ty cells that localize 
to the germinal center after productive interac- 
tions with cognate B cells. Referred to as germinal 
center (GC-Ty;) T cells, these cells express high 
amounts of PD-1, Bcl6, and CXCR5 and support 
the germinal center response and production 
of high-affinity, class-switched antibodies (72). 
To examine the effects of depletion of IL-2- 
expressing precursors on the development and 
function of this Ty cell subset, we characterized 
the effects of anti-Thy1.1 depletion on antibody 
responses and the generation of GC-Tyy cells. 
2BiT mice were immunized with heat-killed Lm 
(HKLm) (Fig. 5, D to F), because infection with 
live Lm does not induce good antibody responses 
(27). Anti-Thy1.1 depletion of IL-2-producing 
T cells reduced the production of Lm-specific 
immunoglobulin G (IgG) by more than 90% com- 
pared with treatment with an isotype control 
antibody (Fig. 5D). Similarly, anti-Thy1.1 treat- 
ment of 2BiT mice immunized with OVA under 
type 1 conditions markedly impaired the anti-OVA 
IgG response, in association with the depletion 
of endogenous OVA-specific Ty; cells and reduc- 
tion of germinal center B cells (fig. S8). 
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Fig. 4. IL-2* T cells activate IL-2~ T cells via paracrine IL-2 signaling 
to drive differential gene expression in vivo. (A) Sorted naive 

(GFP CD44-CD62L*) IL-2.eGFP CD45.2* SMARTA CD4* T cells were 
transferred into CD45.1* WT mice infected with ActA-Lm-gp66 24 hours 


before transfer. Total RNA was isolated by FACS-purified CD45.2* CD69*GFP* 
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(IL-2*) and CD69*GFP™ (IL-2-) CD4* T cells 20 to 24 hours after transfer 
and analyzed by RNA-seq. Data depict three biological replicates per 


condition from three separate experiments. Sac, sacrificed. (B) Hallmark 
GSEA of IL-2* and IL-2 T cells from (A). For each pathway, mean and 95% 


confidence intervals are plotted and then color coded to indicate false 

discovery rate—corrected P values. FPKM, fragments per kilobase million. 
(C) Schematic of targeting strategy to generate IL-2.BAC-in Thy1.1 (2BiT) 
transgenic reporter mice. BAC, bacterial artificial chromosome. (D) Sorted 
naive (Thy1.1-CD44-CD62L*) 2BiT CD4* T cells were stimulated in vitro 
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with soluble anti-CD3 (5 ug/ml) and irradiated CD4-depleted feeder cells for 
24 hours and then examined by flow cytometry for expression of CD69 

and Thy1.1. RNA isolated from CD69*Thy1.1* (IL-2) and CD69*Thy1L.I (IL-27) 
CD4* T cells was analyzed by qPCR for expression of //2 mRNA. Error bars 
represent SEM of three technical replicates per sample. Data are represent- 
ative of two experiments. (E) 2BiT mice were infected with ActA-Lm. 

After 18 hours, mice were sacrificed and splenic CD4* T cells were analyzed 
by flow cytometry for the expression of IL-2 Thy1.1, CD25, and tyrosine 
phosphorylation of Stat5 (p-Stat5). Data are representative of two 
experiments. (F) Congenic CD45.1* WT mice were infected with ActA-Lm- 
gp66. After 24 hours, naive CD45.2* SMARTA 2BiT CD4* T cells were 
transferred into infected CD45.1* recipients. Mice were sacrificed at the 
indicated times, and splenic CD4* T cells were analyzed for expression of 
Thyl1.1, Foxp3, and p-Stat5. Data are representative of two experiments. 
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Fig. 5. IL-2 producers are precursors of Try, cells. (A to C) 2BiT mice transferred into Tcrb-’~ mice. After 24 hours, mice were immunized with 
were injected with 250 ug of anti-Thy1.1 or isotype control (Ctrl) 2 x 10?° CFU HKLm and injected with 250 ug anti-Thy1.1 or isotype control 


monoclonal antibody (mAb), then infected 1 day later with ActA Lm-gp66. 
Endogenous CD4* T cells specific for [A°-gp66 were enriched from lymph 
nodes and spleens 3 days after infection by using tetramer-based 
magnetic sorting and analyzed by flow cytometry for I|A°-gp66 tetramer 
binding (tet*) and expression of Ly6C, CXCRS5, |IL-2.Thy1.1, and PD-1 (A) 
or Bcl6 (B). Flow plots depict cell number-—controlled concatenated 
averages of all samples within a group. Data for (A) and (B) are 
representative of two experiments each. (C) Data from the experiments 
depicted in (A) and fig. S6 were analyzed by two-way ANOVA. A total of 
eight control and eight treatment animals from two separate experiments 
are shown. (D) 2BiT mice were injected with 250 ug of anti-Thy1.1 or 
isotype control mAb and immunized with 2 x 10?° colony-forming units 
(CFU) of HKLm. Mice were bled every 6 days for 24 days, and serum anti- 
Lm IgG was measured by enzyme-linked immunosorbent assay (ELISA). 
n=7 mice per group. Data are representative of two experiments. 

(E) Magnetically enriched WT CD45.1* and 2BiT CD45.2* CD4* T cells were 
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mAb. Mice were sacrificed 5 days after immunization, and splenic CD4* 
T cells were analyzed by flow cytometry for expression of CD44, CD45.1, 
CD45.2, PD-1, and CXCR5. Results were analyzed by two-way ANOVA. 

n = 3 mice per group. Data are representative of three experiments. 

(F) CD4* T cells magnetically enriched from WT CAG-eGFP (CD45.2) mice 
and CD45.1* 2BiT mice were adoptively transferred into TCRB-deficient 
recipients. After 24 hours, the mice were immunized with 2 x 10'° CFU 
HKLm and injected with 250 ug of anti-Thy1.1 or isotype control mAb. Two 
weeks after immunization, spleens were collected and analyzed by 
confocal microscopy for the expression of GFP (WT), CD45.1 (2BiT), Ki67, 
and IgD. Quantitation of WT (GFP*), 2BiT (CD45.1*), and total T cell 
numbers in germinal centers (GCs) was performed by computer-assisted 
counting. Splenic B cells were analyzed by flow cytometry for the 
expression of IgD, B220, GL7, and Fas in an IgD'° B cell gate. n = 3 mice per 
group. Data are representative of three experiments. ns, P > 0.05; *P < 
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; error bars depict SEM. 


6 of 13 


8L0z ‘E} 4equajdes uo /fio Beweousios'soua!0s//:dijy Wo peapeojuMog 


RESEARCH | RESEARCH ARTICLE 


To examine the effects on GC-Tyy cell differ- 
entiation, we transferred equivalent numbers of 
congenically marked 2BiT and GFP-expressing 
WT CD4* T cells into T cell-deficient (Terb™ 7) 
mice, which were immunized with HKLm (Fig. 5, 
E and F). Anti-Thy1.1 treatment selectively de- 
pleted CD45.1* 2BiT PD-1*CXCR5* T cells and 
had no significant effect on CD45.2* GFP* con- 
trol T cells (Fig. 5E). The magnitude of reduc- 
tion was highest among PD-1™CXCR5"™ cells. 
Immunohistology revealed that Thyl.1 depletion 
dramatically reduced the number of 2BiT CD4* 
T cells found within germinal centers, with a 
compensatory increase in the numbers of WT 
GFP* T cells, resulting in no change in total 
numbers of germinal center T cells or B cells (Fig. 
5F). These data establish that functional Try 
effectors that populate germinal centers and 
provide help for class-switched antibody responses 
in response to type 1 pathogens develop from 
IL-2-producing precursors. 

To extend these findings, we determined 
whether the in vivo depletion of IL-2* cells also 
selectively targeted Ty cells under conditions of 
type 2 (Ty2) and type 3 (Ty17) immune induction 
(Fig. 6). Anti-Thy1.1 treatment of 2BiT mice im- 
munized with OVA by using the T,,2-inducing 
adjuvant alum resulted in the specific depletion 
of OVA-specific Ty cells and ablation of germinal 
center B cell and anti-OVA antibody responses, 
while sparing OVA-specific non-T, effectors 
(Fig. 6A). Similarly, anti-Thyl.1 depletion of 2BiT 
mice challenged with the Ty17 cell-inducing 
enteric pathogen Citrobacter rodentium (28) re- 
sulted in a loss of bacterial clearance, the kinetics 
of which were characteristic of an impaired anti- 
Citrobacter antibody response (29, 30). This was 
associated with depletion of Try cells specific 
for the immunodominant Citrobacter antigen 
intimin, as well as a markedly impaired ger- 
minal center B cell response (Fig. 6B). There was 
no significant decrease in IL-17A- or interferon-y 
(IFNy)-producing cells in infected spleens (Fig. 
6C), both of which are characteristic of the T cell 
response against Citrobacter (28). However, a 
modest, but significant, decrease in T};17 cells, 
but not Ty] cells, was observed in the mesenteric 
lymph nodes of mice depleted of IL-2 producers 
(Fig. 6D). These findings indicate that, in the 
context of type 3 responses, there is some overlap 
in the developmental fate of IL-2-producing pre- 
cursors Of Ty; and T};17 effector cells. They also 
establish that IL-2* T cells are precursors for Try 
cells in the context of typel, type 2, and type 3 
effector responses. 


IL-2 production and Try cell 
differentiation correlate with TCR 
signal strength 


The developmental divergence of Ty; and non-T yyy 
cells is influenced by a combination of cell-intrinsic 
factors, including TCR affinity, and cell-extrinsic 
factors, such as antigen availability, strength of 
costimulation, and cytokine milieu. Given its di- 
rect correlation with T},;-non-T gy; cell fate deter- 
mination, we examined whether IL-2 expression 
shared similar mechanistic underpinnings. To 
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examine the relationship between antigen dose, 
IL-2 expression, and Tyy-non-T ry cell specifica- 
tion on T cells of uniform TCR affinity, naive 
CD45.2* IL-2.eGFP-SMARTA T cells were transfer- 
red into WT CD45.1" recipients, which were in- 
fected with various doses of ActA-Lm expressing 
the gp66 peptide (ActA-Lm-OVA-gp66; condition 
Lm-gp66). Nonspecific effects of Lm-induced 
inflammatory signals were excluded by keeping 
the total dose of ActA-Lm constant via coinfec- 
tion with ActA-Lm expressing an irrelevant 
specificity (ActA-Lm-OVA-2WI15S; condition Lm- 
2WI1S) (Fig. 7, Aand B). Splenic CD45.2* cells were 
analyzed for CD69 and GFP (IL-2) expression 
around the peak of IL-2 expression (Fig. 7A). The 
frequencies and absolute numbers of endogenous 
gp66-specific Tp and non-Tpy cells were quan- 
tified near the peak of the effector T cell response 
(Fig. 7B). The expression of both CD69 and GFP 
correlated tightly with pathogen-expressed anti- 
gen dose, as did the magnitude of clonal expansion 
and reciprocal Ty; versus non-T}; differentiation. 
There was a similar correlation over a broader 
dose range of ActA-Lm-OVA-gp66 administered 
alone (fig. S9). Thus, the frequencies of CD69* 
and IL-2* cells correlated positively with Lm-gp66 
dose, as did the generation of Ty; cells. This 
indicates that antigen dose—and consequently 
TCR signal strength—is a major determinant of 
the fraction of clonal precursors that express 
IL-2 and are fated to become Typ cells. 

The relative development of Ty and non-Tyy 
effectors is also influenced by TCR affinity, which 
is invariant on individual T cell clones but varies 
between different clones within the repertoire 
(2). In agreement with the strong correlation 
between differential IL-2 expression and Tpy- 
non-T}; cell bifurcation, we found that two clonal 
populations of the same precursor frequency, 
which had differing TCR specificities (OVA versus 
gp66) and affinities, produced significantly dif- 
ferent frequencies of IL-2-expressing T cells in 
response to the same antigen dose despite no 
difference in the frequency of cells expressing 
CD69 (Fig. 7C). Similarly, the relative frequencies 
of endogenous Ty; and non-T cells generated 
by two TCR specificities of differing TCR af- 
finities diverged in response to the same antigen 
dose (Fig. 7D). In accord with these results, Try 
cells were characterized by a significantly greater 
two-dimensional (2D) TCR affinity than non-Try 
cells that developed in a polyclonal T cell re- 
sponse to the same antigen (gp66) (Fig. 7E). To- 
gether with our antigen-dose results, these findings 
support a deterministic function of TCR signal 
strength in driving Tpy versus non-Tpy cell 
development (2), such that higher TCR signaling 
favors Tyy; cell development. 

To calculate 2D affinity values, normalized 
adhesion-bond measurements must be adjusted 
to control for TCR density (37). Although equiv- 
alent in terms of cell size, gp66-specific Ty; cells 
expressed more TCR molecules per cell than non- 
Try cells (Fig. 7E). Similar results were found for 
OVA-specific and total Ty; cells. Accordingly, the 
difference in the normalized adhesion bond was 
accounted for by differences in both TCR affinity 
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and TCR number per cell. Thus, we examined the 
influence of variation in TCR number on T cell 
activation and IL-2 production (fig. SIOA). As 
expected, there was no difference in 2D TCR 
affinity of CD69*IL-2* SMARTA IL-2.eGFP T cells 
compared with that of CD69*IL-2° cells. However, 
when naive SMARTA IL-2.eGFP T cells were 
stimulated with limiting concentrations of gp66 
peptide, only cells expressing the highest amounts 
of the TCR component Va2 up-regulated CD69 
and IL-2 (Fig. 7F). Moreover, when naive T cells 
were sorted on the basis of high or low TCRB 
expression and stimulated with a range of anti- 
CD3 concentrations, cells with higher TCR num- 
bers showed higher CD69 expression across the 
full range of anti-CD3 concentrations and ex- 
pressed increased IL-2 (fig. S10B). Thus, in addi- 
tion to intrinsic TCR affinity differences between 
T cell clones, variation in TCR number within a 
clonal population may influence the probability 
that a given cell will exceed a threshold for acti- 
vation and expression of IL-2 and, therefore, Ty; 
versus non-T}; cell differentiation. 

The expression of CD69 by activated naive 
T cells has been shown to correlate linearly 
with the expression of Myc and Nur77, provid- 
ing an indicator of graded TCR signal intensity 
(23, 32). Yet, on the basis of the observed lim- 
itation of IL-2 expression to a subset of the 
highest CD69 expressors (Figs. 3A and 7A), our 
findings suggested that only those T cells that 
exceeded a minimum TCR signaling intensity 
produced IL-2, linking Tpy-non-T py cell bifurca- 
tion to a threshold of TCR signaling. 

To explore this further, the relative expression 
of CD69 and IL-2 by naive T cells was assessed 
under conditions in vitro for which only the 
intensity of TCR stimulation was varied (Fig. 8A). 
The percentage of cells expressing CD69 and IL-2 
correlated positively with the dose of anti-CD3, 
as did expression amounts of CD69 and IL-2, 
consistent with our in vivo antigen-dose experi- 
ments (Fig. 7A and fig. S8A). However, although 
the distribution and mean expression of CD69 
varied with the intensity of TCR stimulation, 
CD69 expression among IL-2* cells was con- 
stant, and only cells that exceeded an invariant, 
high magnitude of CD69 expressed IL-2. A 
similar effect was seen with the induction of 
inducible costimulator (ICOS) expression (fig. 
S11A), which is a functional marker of Try cell 
differentiation (33). ICOS expression was highest 
among IL-2* cells across a range of stimulation 
conditions. Although the mean expression of 
ICOS varied with the intensity of TCR stimula- 
tion among IL-2° cells, its expression by IL-2* 
cells was constant. The expression of ICOS ligand 
by antigen-presenting cells was not required 
for the induction of IL-2 (fig. SIIB). Thus, under 
conditions for which only TCR signaling strength 
is varied, there is a minimum threshold for 
IL-2 expression and, by extension, Tyy cell 
differentiation. 

The expression of Myc, which has been di- 
rectly correlated with the number of cell di- 
visions that T cells are fated to undergo (24), was 
tightly correlated with CD69 expression and thus 
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TCR signal intensity and IL-2 expression (Fig. 
8B). The early expression of E2F family members, 
which are associated with cell-cycle entry, was 
limited to cells that exceeded a threshold for IL-2 
expression. This was consistent with the GSEA 
data (Fig. 4B and fig. S4), which indicated that 
E2F family targets are strongly enriched in IL-2* 
cells compared with IL-2" cells. This suggests 


that IL-2* cells enter the cell cycle more rapidly 
than IL-2” cells and are likely to undergo a 
greater number of cell divisions before exiting 
the cell cycle. Accordingly, Ty; effectors demon- 
strated an increase in the average number of cell 
divisions relative to non-Tyy, effectors in vivo 
(Fig. 8C). Thus, although IL-2 has traditionally 
been viewed as a T cell growth factor, precursors 


of Ty cells, which do not respond to IL-2 despite 
producing it, appear programmed for earlier cell- 
cycle entry and a greater number of cell divisions 
than precursors of non-T effectors, which do 
respond to IL-2. 

Our results support a model whereby cell- 
intrinsic and -extrinsic variables that influence 
TCR signal strength contribute to a threshold 
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Fig. 6. IL-2 producers are fated to become Try cells in type 2 and type 
3 immune responses. (A) 2BiT mice were injected with 250 ug of 
anti-Thy1.1 or isotype control. After 24 hours, they were immunized 

with OVA emulsified in alum. Mice were bled and sacrificed on day 12. 
Splenic IA>-OVA tetramer-specific CD4* T cells were analyzed by flow 
cytometry for the expression of CD44, PD-1, and CXCR5. Splenic B cells 
were analyzed for the expression of B220, IgD, GL7, and Fas. Serum 
anti-OVA IgG was measured by ELISA. n = 5 or 6 mice per group. (B) 2BiT 
mice were injected with 250 ug of anti-Thy1.1 or isotype control. After 

24 hours, they were orally gavaged with 1 x 10° to 2 x 10° CFU C. 
rodentium strain DBS100 (ATCC 51459) or the bioluminescent ICC180 
derivative. Whole-body bioluminescence was tracked and quantified after 
infection. Splenic |A°-Int884C tetramer-specific CD4* T cells harvested 
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7A 


on day 14 were analyzed by flow cytometry for the expression of CD44, 
PD-1, and CXCR5. Splenic B cells were analyzed for the expression 

of B220, IgD, GL7, and Fas. n = 5 or 6 mice per group. Flow plots 
depict cell number-controlled concatenated averages. Data are 
representative of two experiments. (C and D) Splenic (C) and 
mesenteric lymph node (MLN) (D) CD4* T cells harvested from mice 
treated as in (B) were isolated, restimulated with phorbol myristate 
acetate (PMA) and ionomycin and then analyzed by flow cytometry 
for the expression of CD44, Foxp3, IFNy, and IL-17A. Flow plots 

and bar graphs are gated on CD4*CD44*Foxp3° cells. Flow plots 
depict cell number-controlled concatenated averages. n = 5 or 6 mice 
per group. Data were analyzed by using Student's t tests. ns, P > 0.05; 
*P < 0.05; **P < 0.01; ***P < 0.001; error bars depict SEM. 
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Fig. 7. IL-2 production and T;,, differentiation correlate with TCR signal 
strength. (A) WT CD45.1" recipient mice were infected with ActA-Lm-OVA-gp66 
and/or ActA-Lm-OVA-2WIS at the indicated doses. After 24 hours, 10° naive 

(GFP CD44-CD62L*) SMARTA IL-2.eGFP CD4* T cells were adoptively transferred 
into infected hosts. Splenic CD4* T cells were harvested 15 hours after transfer and 
analyzed for expression of CD69 and IL-2.eGFP by flow cytometry. Values in the larger 
boxes of flow cytometric plots represent percentages of CD69" cells, and values in the 
smaller boxes represent percentages IL-2.eGFP* cells within the CD69" fraction. 
n=A4mice per group. Data are representative of two experiments. (B) WT mice 
were infected with ActA-Lm-OVA-gp66 and/or ActA-Lm-OVA-2WIS at the indicated 
doses. After 5 days, magnetically enriched endogenous splenic CD4* T cells were 
analyzed by flow cytometry for binding of IA°-gp66 tetramer and expression of 
CD44, CXCRS5, and PD-1.n = 3 mice per group. Data are representative of two 
separate experiments. (C) 2D affinity measurements were performed on splenic 
TCR-transgenic CD4* T cells via micropipette adhesion frequency assays with 
biotinylated p:MHC IA®-gp66 and IA°-OVA3C monomers. Log-normalized data are 
shown. WT CD45.1* recipient mice were infected with ActA-Lm-OVA-gp66. After 

24 hours, 0.5 x 10° naive (GFP CD44 CD62L*CD69°CD25") SMARTA IL-2.eGFP 
and OTII IL-2.eGFP CD4* T cells were pooled and adoptively transferred into infected 
hosts. Splenic CD4* T cells were harvested 18 hours after transfer and analyzed for 
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expression of CD45.1, CD45.2, VB5, CD69, and IL-2.eGFP by flow cytometry. Values 
in the larger boxes of flow cytometric plots depicting CD69 and IL-2.eGFP represent 
percentages of CD69" cells, and values in the smaller boxes represent the 
percentages of IL-2.eGFP* cells within the CD69* fraction. n = 3 mice per group. Data 
are representative of two experiments. Ac Ka, is the 2D affinity (see methods for 
details). (D) WT mice were infected with ActA-Lm-OVA-gp66. Five days after infection, 
magnetically enriched endogenous splenic CD4* Tcells were costained with IA®-gp66 
and IA°-OVA3C tetramers and analyzed by flow cytometry for expression of CD44, 
CXCR5, and PD-1. Data are representative of four experiments. (E) WT mice were 
infected with 2.5 x 10’ CFU ActA-Lm-OVA-gp66. Enriched splenic CD4* T cells 
harvested 5 days after infection were stained for IA°-gp66, CD44, TCRB, PD-1, and 
CXCR5. Log-normalized 2D affinity measurements were performed on FACS-purified 
|A®-gp66 tetramer-positive splenic Try and non-Try cells pooled from three to five 
animals. TCRB quantifications were performed on unsorted aliquots stained 
separately. Data from two experiments are shown. (F) Naive (GFP-CD44-CD62L") 
SMARTA IL-2.eGFP CD4* T cells were stimulated for 16 hours with irradiated 
CD4-depleted feeder cells and 1 ug/ml of gp66 and analyzed by flow cytometry 

for expression of CD69, Va2, and IL-2.eGFP. Data are representative of two 
experiments. Data were analyzed by using Student's t tests. ns, P > 0.05; *P < 0.05; 
**P < 0.01; **P < 0.001; ****P < 0.0001: error bars depict SEM. 
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that is tightly associated with IL-2 production 
and Try cell differentiation. Although TCR af- 
finity and antigen dose clearly contribute to the 
probability that a cell will attain this threshold, 
costimulation and cytokine signals can also con- 
tribute. It has been shown that transforming 
growth factor-B (TGFB) signaling can attenuate 
TCR signaling (34) and limit T cell responses to 
high-affinity antigens (35). Indeed, the addition of 
TGF® significantly reduced the mean expression 
of CD69 by activated naive T cells, the propor- 
tion of CD69* cells that produced IL-2, and 
the mean expression of IL-2, whereas TGFB block- 
ade had the opposite effect (fig. S12). However, 
the percentage of cells that expressed CD69 was 
unaltered by either intervention. Thus, in addi- 
tion to modulating TCR-independent signaling 
cascades that control effector T cell specification, 
TGFB may also influence IL-2 production by 
limiting TCR-signal strength without limiting 
the frequency of naive T cells that receive 
activating TCR signals (36). In this regard, it is 
notable that the addition of IL-6 overrode the 
repressive effects of TGF8 (Ty17 cell conditions; 
Fig. 3A), resulting in significantly higher IL-2 
expression. Indeed, this was greater than any 
other T effector-polarizing condition. Because 
the major effects of IL-6 are independent of 
TCR-signal strength and its actions contribute 
to both Tyy and Ty17 cell development, clearly, 
TCR-independent factors that modulate IL-2 
production may affect Tp-non-T py cell devel- 
opmental decisions. Furthermore, in view of the 
shared requirement for IL-6-induced Stat3 sig- 


naling and high production of IL-21 by both T};17 
and Ty cells, these data suggest a considerable 
overlap in the developmental programming of 
these two subsets and, perhaps, shared regu- 
lation of the tightly syntenic 12 and 1127 loci 
(Fig. 2A). 


Discussion 


The findings in this study provide new insights 
into the mechanics that control the early bifurca- 
tion of CD4* T cells into Ty; and non-T py, effectors, 
placing reciprocal production and utilization of 
IL-2 at the center of this key developmental 
decision. Because divergent IL-2 signaling and 
Bcl6 expression have been linked to effector ver- 
sus central memory, respectively (37), these re- 
sults may also have implications for alternate 
programming of CD4* T cell memory. Our find- 
ings predict that IL-2 nonproducers are fated 
for effector memory, whereas IL-2 producers are 
fated for central memory. 

It has been proposed that asymmetric cell di- 
vision results in the partitioning of factors that 
guide the divergent development of progeny of 
activated naive T cells (38). Although the observa- 
tion herein that Tj;;-non-T Fy; cell fate determina- 
tion is initially encoded well before cell division 
does not preclude a role for asymmetric cell 
division, it does suggest that signaling between 
T cells that receive differing activation signals 
likely plays a dominant role. It has been shown 
that homotypic T cell conjugation mediated by 
LFA-1-ICAM interactions between activated 
T cells facilitates directional, paracrine delivery 


of IL-2 via multifocal synapses (39). The expres- 
sion of Icam1 was enhanced on IL-2” cells in the 
current study (Figs. 1C and 4A). Because the 
kinetics of IL-2 production are within the average 
dwell time of T cells that form long-lived inter- 
actions on an activating dendritic cell (40-42), 
our findings suggest that T cell-T cell interac- 
tions that result in directional IL-2 signaling be- 
tween IL-2 producers and nonproducers may 
occur on the same dendritic cell, although this 
will necessitate further study. The role of T,., cells 
in buffering IL-2 availability to non-IL-2 pro- 
ducers, owing to the constitutive expression of the 
high-affinity IL-2 receptor and high-avidity LFA-1 
by Tyeg cells will also require additional inquiry. 
Results in this report indicate that naive CD4* 
T cells that receive differing strengths of TCR 
signals—whether the result of intrinsic TCR af- 
finity or expression differences or receipt of con- 
temporaneous non-TCR signals that augment or 
repress TCR signal strength—stratify into those 
that exceed a threshold that predisposes to IL-2 
production and early Ty; cell commitment and 
those that fail to express IL-2 yet are program- 
med to receive IL-2 signaling that reinforces non- 
Try effector commitment. However, although 
the exceedance of this threshold appears neces- 
sary, it is not always sufficient, because some 
cells that express comparable levels of CD69 do 
not express IL-2, implying the contribution of 
additional factors yet to be defined. Moreover, 
although in a primary response, IL-2 expres- 
sion strongly correlates with the development 
of Try versus non-Tyy cells, this correlation 
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Fig. 8. IL-2 producers and Ty exhibit enhanced cell-cycle progression. 
(A) Naive (GFP-CD44-CD62L*CD69° CD25») IL-2. 
were stimulated for 18 hours with indicated concentrations of 

plate-bound anti-CD3 and 1 ug/ml of soluble anti-CD28. They were 

then analyzed for the expression of CD69 and IL-2.eGFP by flow 

cytometry. The MFI of CD69 expression within the CD69*GFP™ and 
CD69*GFP* gates was quantitated for the indicated concentrations of 
anti-CD3 (right). Three technical replicates per condition are shown. 

This experiment was performed three times. (B) Naive (GFP-CD44-CD62L* 
CD69" CD25) IL-2.eGFP CD4* T cells were stimulated in vitro with 

soluble anti-CD3 (2.5 ug/ml), soluble anti-CD28 (0.5 ug/ml), and irradiated 
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CTV cTv —_—— 
CD4-depleted feeder cells. qPCR was performed on CD69* IL-2.eGFP* 

and IL-2.eGFP” CD4* T cells sorted 20 hours after activation. Three technical 
replicates per condition are shown. Data are representative of two 
experiments and were analyzed by one-way ANOVA. (C) WT CD45.1* 
recipient mice were infected with ActA-Lm-OVA-gp66. After 24 hours, 5 x 10* 
CTV-labeled naive (GFP-CD44-CD62L*CD69°CD25-) SMARTA CD4* 

T cells were adoptively transferred into infected hosts. Splenic CD4* T cells 
harvested 3 days after transfer were analyzed for expression of CD44, 

PD-1, and CXCR5 by flow cytometry. n = 4 mice per experiment. This 
experiment was performed three times. ns, P > 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001; error bars depict SEM. 


eGFP CD4* T cells 
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is not fixed for subsequent responses (fig. S13). 
Thus, IL-2 expression by Try cell precursors 
does not ensure IL-2 expression by Try ef- 
fectors in a recall response nor does lack of 
IL-2 expression by non-Tyy cell precursors pre- 
clude IL-2 expression by non-T}; cell effectors. 
Nevertheless, the utility of IL-2 as an early 
marker for cells fated to these different effector 
programs is established herein. This will offer the 
opportunity to discover new factors that deter- 
mine the bifurcation into Tpy and non-Tpy 
effectors, as exemplified by the finding of a 
possible Mxd-Myc-Max axis in controlling the 
early differential expression of Bcl6. We propose 
that this should provide a basis for strategies 
to modulate the balance of effector T cell re- 
sponses for therapeutic ends. 


Materials and methods 

Mice 

BG6.Cg-Te-JL2™eGFP)Weav (17-9 eGFP) and B6. 
IL-2.BAC-inThyl.1 (2BiT) were generated using 
strategies previously described (25) and bred at 
the University of Alabama at Birmingham (UAB) 
animal facility. BON-Tyr°""*/BrdCrCrl (albino B6) 
and B6-LY5.2/Cr (congenic B6 CD45.1) were pur- 
chased from Frederick Cancer Center and inter- 
crossed to produce albino B6.CD45.1. C57BL/6 
(WT B6), Terb” (B6.129P2-Terb’””™""/J), OT-II 
(B6.Cg-Tg(TcraTcrb)425Cbn/J) mice and mice 
transgenic for constitutive eGFP expression 
(C57BL/6-Tg(CAG-EGFP)!32°S*/£¥S0P /J) were pur- 
chased from The Jackson Laboratory. SMARTA 
Tg [Tg(TerLCMV)1Aox] (43) on a B6 background 
were a generous gift from A. Zajac (Department 
of Microbiology, UAB). All intercrosses to gen- 
erate additional strains, such as SMARTA IL-2. 
eGFP, SMARTA 2BiT, SMARTA IL-2.eGFP Thy1.1*, 
OT-II IL-2.eGFP, and 2BiT CD45.1 were generated 
by crosses in UAB’s breeding facility. Animals were 
bred and maintained under specific pathogen-free 
conditions in accordance with institutional animal 
care and use committee regulations. 


Tissue processing and flow 
cytometric analysis 


Mice were sacrificed by isoflurane euthanisia be- 
fore removal of spleen and/or lymph nodes. 
Secondary lymphoid tissues were disrupted by 
mashing with a syringe in complete RPMI-1640 
over a 70-um filter. Surface staining was per- 
formed in PBS with 2% FBS and 0.1% sodium 
azide. T cells from 2BiT animals were directly 
stained for surface Thyl1.1 (clone HIS5-1) without 
secondary stimulation. For identification of Try, 
cells were incubated with biotinylated anti- 
CXCR5 for 1 hour at room temperature, then 
washed and incubated with streptavidin-APC 
or PE-Cy7 and additional surface markers for 
20 min at 4°C. Intracellular staining for tran- 
scription factors was performed using either BD 
Fix/Perm or eBioscience Foxp3 staining kits. For 
ex vivo phospho-Stat staining, freshly harvested 
splenocytes were fixed for 10 min at 37°C in 4% 
PFA in PBS, stained with eFluor450- or PacBlue- 
conjugated anti-Thyl1.1, refixed with 4% PFA in 
PBS and permeabilized in 90% MeOH for 30 min 
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on ice. Following this, cells were stained for 
phosphorylated Stat5 and additional markers at 
room temperature for 1 hour. Alternatively, cells 
were fixed in 4% PFA in PBS for 10 min at 37°C, 
permeabilized in 90% MeOH for 30 min on ice, 
and then stained for 1 hour at room temperature. 

Absolute T and B cell numbers were calculated 
using PKH reference beads (Sigma- Aldrich) or 
concentration values (events per microliter) ob- 
tained on the Attune NxT. Absolute TCRB num- 
bers were calculated using BD Quantibrite Beads 
Fluorescence Quantification Kits. Briefly, cells 
were stained at saturating concentrations of 
PE-labeled anti-TCRB (clone H57-597). A stan- 
dard curve generated from PE Quantibrite Beads 
was then used to transform TCR8 MFI measure- 
ments into absolute quantifications. 

All flow cytometric data were acquired on an 
Attune NxT (Thermo Fisher Scientific), LSRII, or 
an Aria II (BD Immunocytometry Systems, San 
Jose, CA) and analyzed with FlowJo software 
(Tree Star, Eugene, OR). 


T cell isolation 
Naive T cell isolation 


Polyclonal CD62L™CD25-CD44"°CD4* and CD8* 
T cells were purified from single-cell suspensions 
of secondary lymphoid tissues (spleen with or 
without axillary, brachial, cervical, mesenteric, 
inguinal, and medial iliac lymph nodes) in two 
stages. First, CD8* or CD4* T cells were isolated 
using Dynabeads (ThermoFisher 11445D), MACS 
Cell Separation (Miltyeni Biotec 130-104-454) or 
prepared by negative selection against CD8 or 
CD4, MHC class II, CD11b, B220, and CD25 (all 
Abs labeled with FITC) using anti-FITC BioMag 
particles (Polysciences, Warrington, PA). Second, 
cells were purified by sorting on a FACSAria II, 
gating on the CD4*CD25-CD62L"cD44"° (and 
in some cases IL-2.Thy1.1 /IL-2.eGFP ) fraction. 
Naive SMARTA TCR Tg cells were sorted di- 
rectly as above from lymph node and splenic 
tissue. 


Activated T cell isolation 


Cells cultured in vitro were harvested at various 
time points, resuspended in labeling buffer (2% 
FBS in PBS), and FAC-sorted a second time as 
CD4* or CD8a* CD69* and either IL-2.eGFP*/ 
Thyl.1* or as IL-2.eGFP’/Thyl.1°. SMARTA IL- 
2.eGFP T cells isolated ex vivo from acutely ac- 
tivated recipient mice were processed from tissue 
by negative selection with biotinylated antibodies 
to CD11b, CD1I1c, and B220, streptavidin-conjugated 
microbeads, and LS columns (Miltenyi Biotech). 
Column flow-through fractions were then stained 
for a congenic marker (Thy1.1, Thyl.2, or CD45.2) 
before sorting as above. 


In vitro T cell activation 


Sorted naive T cells were activated in complete 
RPMI-1640 (RPMI medium containing 10% FBS, 
100 IU/ml penicillin, 100 ug/ml streptomycin, 
1 mM sodium pyruvate, nonessential amino 
acids, 50 uM B-mercaptoethanol and 2 mM 
1-glutamine) for 4 to 36 hours with anti-CD3 
(2.5 ug ml) or 1pg ml’ LCMV glycoprotein pep- 
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tide 66-77, anti-CD28 (1 ug ml”), and irradiated 
splenocytes at a 5:1 ratio of splenocytes to T cells 
under nonpolarizing conditions (i.e., without ad- 
ditional cytokines or antibodies). In some experi- 
ments, sorted naive T cells were activated with a 
range of plate-bound anti-CD3 concentrations 
and 0.5 ug/ml anti-CD28 or a range of soluble 
anti-CD3 concentrations and irradiated feeders 
at a CD4:feeder ratio of 1:5. 

For restimulation of splenic Try and non-Tyy 
cells, magnetically enriched splenic CD4* T cells 
were stained simultaneously with tetramer and 
biotin-labeled anti-CXCR5 (see table above) for 
1 hour at room temperature. Cells were then 
washed and stained with fluorophore-labeled 
streptavidin and PD1 for 20 min at 4°C. Labeled 
cells were then incubated for 4 hours in complete 
RPMI with 2 ug/ml anti-CD28 on flat-bottom 96- 
well plates precoated with 5 ug/ml anti-CD3. 
Following restimulation, cells were stained for 
CD69, CD44, CD4, additional surface markers, 
and viability dye for 15 to 20 min at 4°C. 


Adoptive transfer and Ab-mediated 
in vivo depletion 


For adoptive transfer experiments examining 
IL-2.eGFP or IL-2.Thyl.1 expression at early 
time points, 1 x 10° to 2.5 x 10° naive cells were 
injected i.v. into congenic recipient mice infected 
24 hours before transfer unless otherwise in- 
dicated. For experiments involving cotransfer 
of Smarta.IL-2.eGFP and OT-II-IL-2.eGFP donor 
cells, 5 x 10° sorted naive cells of each donor 
strain were injected retro-orbitally (RO) into mice 
infected 24 hours before transfer. For adoptive 
transfer experiments examining Tp; differentia- 
tion three or more days after transfer, 5 x 10* 
sorted naive donor cells were injected RO into 
congenic recipients infected 24 hours before 
transfer unless otherwise indicated. For cotransfer 
into TCRB KO recipients, 1 x 10° magnetically 
enriched bulk CD4* T cells from wild-type B6 or 
transgenic eGFP and CD45.1 2BiT congenic mice 
were injected RO into TCR§-deficient mice fol- 
lowed by infection 1 day after transfer. For de- 
pletion of IL-2.Thyl.1 (2BiT) cells in vivo, mice 
were given a single intraperitoneal injection of 
250 ug of anti-Thy1.1 or isotype monoclonal anti- 
body 24 hours before infection or immunization. 


Infections and protein immunizations 
Lm 


Mice were immunized i.v. with 200 ul of PBS 
containing live (dose as indicated) or heat-killed 
Actin A-deficient Listeria monocytogenes (ActA™ 
Lm; 2 x 10° to 2 x 107°) (78). All Lm strains used 
were transformed by a plasmid containing 
OVAgs50-387 and one of four different IA°-specific 
“foreign” peptides: (i) a mutant epitope of 
J-Ea (“2WI1S”); (ii) flagellin peptide 456-475 from 
Clostridium (“Cbirl”); Gii) glycoprotein 66-77 
peptide of LCMV (“gp66”); or (iv) flagellin pep- 
tide 427-441 from Salmonella typhimurium 
(“FIiC”) all expressed under the control of the hly 
(isteriolysin O) promoter. All Lm strains were 
produced in the laboratory of S.-S. Way as pre- 
viously described (44). Bacteria were grown in 
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brain-heart infusion (BHD medium with 15 ug/ml 
chloramphenicol to an absorbance of >0.1 at 
600 nm, and doses varied as indicated. The ac- 
tual number of live bacteria injected was con- 
firmed by dilution and growth on BHI agar 
plates containing chloramphenicol. 


OVA/CFA 


Mice were immunized i.p. with 100 ul of a 100-ug 
chicken egg ovalbumin emulsion in CFA. 


OVA/Alum 


Mice were injected ip. with 200 ul of a 0.5-mg/ 
ml emulsion of chicken egg ovalbumin in alum. 
The emulsion was prepared by mixing 1 mg/ml 
ovalbumin dissolved in water (Invivogen vac-pova) 
1:1 with alum (FisherScientific Imject Alum 77161). 


Citrobacter rodentium 


Mice were orally gavaged with 1 x 10° to 2 x 10° 
CFU of Citrobacter rodentium strain DBS100 
(ATCC 51459) or the bioluminescent ICC180 
derivative (generously provided by G. Frankel 
and S. Wiles, Imperial College London). Mice 
infected with the ICC180 derivative were shaved 
and imaged with an IVIS 100 Imaging System 
(Xenogen, Inc.) as previously described (28). 


RNA-seq and analysis 


For sample preparation and hybridization, total 
RNA was isolated from purified naive (CD4* or 
CD8a*, CD25°CD69°CD44°CD62L* IL-2.eGFP’) 
and activated (CD4* or CD8a*, CD69* IL-2.eGFP* 
or IL-2.eGFP ) T cells with Qiazol and miRNeasy 
micro kits according to manufacturer’s recom- 
mendations (Qiagen). Library preparation was 
performed using Illumina TruSeq techonology. 
Samples were processed at UAB Heflin Center 
for Genomic Science for Next Generation Se- 
quencing (NGS) or La Jolla Institute (LJD using 
the Illumina HiSeq 2000 Sequencing System. 
Reads were mapped to the mm10 genome using 
TopHat (version 2.0.12) (45). BAM files were 
sorted using SAMtools (version 0.1.19) (46), and 
reads were counted for each gene using HTSeq 
(version 0.6.1) (47) and NCBI Mus musculus 
Annotation Release 106 (GRCm38.p4). RNA ex- 
pression was normalized using the rlog function 
from the DEseq2 R package (version 1.8.2) (48). 
Differential gene expression analysis was per- 
formed using DEseq2, and P values were cor- 
rected with the Benjamini-Hochburg procedure. 
Volcano plots were created using the ggrepel R 
package. To calculate gene set enrichment, a 
differential expression probability density func- 
tion (PDF) was determined for each gene using 
Quantitative Set Analysis for Gene Expression 
(QuSAGE) (49). PDFs were combined for each 
gene set to calculate gene set activity after cor- 
recting for gene-gene correlation. Gene set PDFs 
were compared using Welch’s ¢ test, and P values 
were adjusted using the Benjamini-Hochberg 
procedure. 


Statistical analysis 


Experimental P values were calculated using 
unpaired Student’s ¢ tests, Welch’s ¢ tests, or 
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one-way or two-way ANOVA tests with Tukey’s 
post hoc multiple comparisons analysis. A P value 
of <0.05 was considered significant. See figure 
legends for details. 
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INTRODUCTION: The four-component Ugi 
reaction (Ugi-4CR) assembles peptide-like 
a-acylaminoamides through one-pot reaction 
of a carbonyl compound, an amine, an acid, 
and an isocyanide. Ugi-4CR is well suited for 
diversity-oriented synthesis applicable in drug 
discovery, as it facilitates rapid access to diverse 
libraries of biologically important molecules. 
The high step economy and atom efficiency of 
the reaction, as well as its convergent nature, 
foster its wide use in the synthesis of hetero- 
cyclic scaffolds, natural products, macrocycles, 
polymers, and other target molecules. Despite 


these practical advantages, the long-standing 
stereochemical challenges of the Ugi reaction 
have yet to be fully addressed. Consequently, 
access to chiral Ugi products for drug candidate 
exploration is hindered. 


RATIONALE: The chiral phosphoric acid (CPA) 
framework was targeted as a catalyst for asym- 
metric Ugi-4CR. The heightened acidity of CPAs 
over carboxylic acids is perceived to accelerate 
the kinetics of the enantioselective Ugi reaction 
so as to outcompete the background reaction. 
Also, self-assembled heterodimerization between 


Catalytic asymmetric 4-component Ugi reaction 


41 examples 
up to 96% yield 
up to 99% ee 


45 examples 
up to 96% yield 
up to 94% ee 


+ Readily available reactants 


+ Structural tunability of products 


* Organocatalysis and mild conditions 


Key points in design 
1. Tunable chiral pocket 


3. Enhanced acidity 


2. Enhanced nucleophilicity 


4. Reactivity: imine > carbonyl 


Chiral phosphoric acids 


iPr 


Favorable enantio-determining transition states 
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for N-alkyl imine 
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Design and exploration of catalytic asymmetric Ugi-4CR. 
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the CPA and carboxylic acid brings about a dual 
effect: enhanced acidity of the catalyst and 
nucleophilicity of the carboxylic acid. Both of 
these favor the catalytic enantioselective Ugi-4CR. 
A myriad of well-established or custom CPAs 
with well-defined chiral pockets could be readily 
applied, potentially leading to complete stereo- 
control. A CPA that could suppress the Passerini 
and other side reactions would enable rapid 
imine formation and its preferential activation 
over the carbonyl group. 


RESULTS: A catalytic asymmetric Ugi-4CR was 
accomplished with 1,1’-spirobiindane-7,7’-diol 
(SPINOL)-derived CPA4 
and CPA6 as organoca- 
Read the full article  talysts. The reaction ex- 
at http://dx.doi. hibited broad substrate 
org/10.1126/ compatibility and good to 
science.aas8707 excellent enantioselectiv- 
svdiaeeaa escecetatianctes ity: [up 40796% enantio: 
meric excess (ee) ]. Activation of the imine might 
be accomplished by CPA-carboxylic acid het- 
erodimer catalysis via a bifunctional activation 
mode, which was supported by experiments 
(carboxylic acids with varying pK, values and 
steric properties yielded products with a range 
of ee values) and density functional theory (DFT) 
calculations (lowest energy among all the con- 
sidered activation modes). The calculated free 
energy profile for the catalytic Ugi reaction gave 
three CPA-combined key transition states, which 
highlighted the bifunctional property of the 
CPA. In the favored enantio-determining tran- 
sition states, the aryl groups fit into the pocket 
formed by the two substituents (cyclohexyl 
rings) of the catalyst, revealing the importance 
of noncovalent interactions in controlling the 
stereochemical outcome of this reaction. 


CONCLUSION: This operationally simple one- 
pot enantioselective Ugi-4CR harnesses in- 
herent benefits of multicomponent reaction 
and organocatalysis to access up to 86 en- 
antioenriched a-acylaminoamides, which are 
otherwise challenging to obtain via conven- 
tional methods, from four achiral building 
blocks in excellent yields and enantioselec- 
tivities. DFT calculations gave a detailed cat- 
alytic mechanism, especially with respect to 
activation modes and enantio-determining 
transition states. Because amide functionality 
constitutes the defining primary linkage in 
proteins, we foresee multiple uses of this asym- 
metric four-component Ugi protocol for the 
synthesis of chiral peptides and components 
of natural products. We also anticipate that 
this work will initiate the further development 
of asymmetric multicomponent chemistry. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
{Corresponding author. Email: tanb@sustc.edu.cn (B.T.); 
houk@chem.ucla.edu (K.N.H.) 
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The Ugi reaction constructs a-acylaminoamide compounds by combining an aldehyde or 
ketone, an amine, a carboxylic acid, and an isocyanide in a single flask. Its appealing features 
include inherent atom and step economy together with the potential to generate products of 
broad structural diversity. However, control of the stereochemistry in this reaction has proven to 
be a formidable challenge. We describe an efficient enantioselective four-component Ugi 
reaction catalyzed by a chiral phosphoric acid derivative that delivers more than 80 
a-acylaminoamides in good to excellent enantiomeric excess. Experimental and computational 
studies establish the reaction mechanism and origins of stereoselectivity. 


he prototypical four-component Ugi reac- 

tion (Ugi-4CR), first disclosed by Ugi in 1959 

(1), assembles o-acylaminoamides through 

one-pot reaction of a carbonyl compound, 

an amine, an acid, and an isocyanide (Fig. 
1A). The peptide-like moiety is abundant in bio- 
logically important molecules (Fig. 1B) (2-6) as 
well as natural products (Fig. 1C) (7). Although 
the precise mechanistic scenario may vary, the 
simplified contours involve preceding imine ac- 
tivation by a carboxylic acid for sequential 
nucleophilic addition of isocyanide and car- 
boxylate trapping of the thus-formed nitrilium 
intermediate. Rearrangement via acyl group mi- 
gration onto the nitrogen atom derived from the 
imine generates the final product (Fig. 1A) (8-1). 
The Ugi reaction is well suited for diversity- 
oriented synthesis applicable in drug discovery 


(12-15). It has facilitated rapid access to diverse 
libraries of biologically important molecules be- 
cause of its ease of synthetic operation (Fig. 1B) 
(2-6). In industrial applications, Démling and 
co-workers reported an elegant two-step multi- 
component synthesis of praziquantel, a drug to 
treat the parasitical disease schistosomiasis, 
via Ugi-cyclization cascade (Fig. 1D) (16). This 
strategy reduced the materials costs and offered 
a strategy for the synthesis of analogs to address 
plausible onset of resistance (17). In natural 
product studies (78), the convergent nature of 
the Ugi-4CR enabled one-step assembly of an 
intermediate containing more than half of the 
atoms in the final product from four building 
blocks in the total synthesis of ecteinascidin 743 
(Fig. 1E) (19). The development of isocyanide- 
based multicomponent reactions (20, 27) in re- 


A fo) 
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ICgp = 31.1 pg/mL 
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cent decades reveals that the Ugi-4CR can also 
be applied to the synthesis of heterocyclic scaf- 
folds (22-24), macrocycles (25, 26), polymers 
(27, 28), and other compounds. 

Despite these practical advantages, the long- 
standing stereochemical challenges of the Ugi re- 
action have yet to be fully addressed (29). Whereas 
a single absolute configuration is strictly required 
of drug candidates, Ugi condensation products 
are often racemic. Conventionally, enantiomeri- 
cally pure amino acids are used as chiral build- 
ing blocks toward a-acylaminoamides (Fig. 2A). 
The lengthy route, limited choices of chiral amino 
acids, and inefficiency in generating structural 
diversity greatly restrict this protocol. Alterna- 
tively, enantiopure substrates could be used for 
chiral induction in a diastereoselective Ugi-4CR 
(Fig. 2B). However, this method suffers from 
poor or moderate diastereoselectivities (30-32) 
unless specialized amines are used. Catalytic 
enantioselective synthesis (Fig. 2C) offers flex- 
ibility in catalyst choice and facile delivery of 
distinct stereoisomers by inversion of the cat- 
alyst configuration. This approach would accom- 
modate a broader substrate scope encompassing 
commercially available starting materials and 
would deliver products that cover substantial 
chemical space by modulating the components 
in each substrate quadrant. However, the advent 
of this approach is long overdue, probably im- 
peded by several hurdles: the complexity of a 
four-component reaction system, the competition 
from the uncatalyzed background reaction, the 
difficulty in achieving stereocontrol of the a- 
addition of an isocyanide to the imine, and 


Department of Chemistry, Shenzhen Grubbs Institute, 
Southern University of Science and Technology, Shenzhen 
518055, China. Department of Chemistry and Biochemistry, 
University of California, Los Angeles, CA 90095, USA. 
*These authors contributed equally to this work. 
tCorresponding author. Email: tanb@sustc.edu.cn (B.T.); 
houk@chem.ucla.edu (K.N.H.) 
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Fig. 1. The classic four-component Ugi reaction in chemistry. (A) The 
simplified mechanism for the reaction. (B) Selected examples of bioactive 
molecules prepared directly via Ugi-4CR or involving Ugi-4CR as the key step. 
(C) The recently identified natural product dudawalamide A bearing an 
a-acylaminoamide scaffold. (D) Two-step synthesis of the anti-schistosomiasis 
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drug praziquantel via Ugi-4CR. (E) Ugi-4CR as a key step in the total synthesis 
of ecteinascidin 743. Atoms in orange were incorporated by the Ugi reaction. 
Me, methyl; rt, room temperature; quant., quantitative; MSOH, methanesulfonic 
acid; MOM, methoxymethy! acetal; TBDPS, t-butyldiphenylsilyl; Bn, benzyl; 
Boc, t-butoxycarbonyl; PMP, 4-methoxyphenyl. 
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competition from the Passerini reaction or other 
side reactions. 

We speculated that a mild reaction system 
with a chiral phosphoric acid (CPA) derivative 
as catalyst might meet the aforementioned chal- 
lenges. This robust class of organocatalyst has 
been commonly used for asymmetric nucleo- 
philic addition to imines after seminal reports 
by the groups of Akiyama and Terada (33, 34). 
The heightened acidity of chiral phosphoric acids 
over carboxylic acids is perceived to accelerate 
the kinetics of the desired reaction so as to out- 
compete the background reaction. Also, pioneer- 
ing reports by List and co-workers suggested that 
the self-assembled heterodimerization between 
the CPA and the carboxylic acid brings about a 
dual effect: enhanced acidity of the catalyst and 
nucleophilicity of the carboxylic acid (35-37); both 
of these favor the catalytic enantioselective Ugi- 
4CR. A myriad of well-established or custom CPAs 
with well-defined chiral pockets can be readily 
applied (38-41), leading to complete stereocon- 
trol in a-addition of the isocyanide to imine. 
Rapid imine formation or its preferential activa- 
tion over the carbonyl group is viable with a CPA 
to suppress the Passerini and other side reac- 
tions. Elegant isocyanide-based Ugi-type two- or 
three-component reactions catalyzed by CPAs 
(42-44) as well as chiral carboxylic acid (45) have 
been reported. For example, Wang, Zhu, and co- 
workers achieved an important advance by using 
a CPA as a catalyst to accomplish the enantiose- 
lective Ugi four-center three-component reaction of 
2-formylbenzoic acids, anilines, and isonitriles for 
the syntheses of isoindoline derivatives in high 
yields with 80 to 90% enantiomeric excess (ee) (44). 


Catalyst optimization 


After some initial trials (tables S1 to S4), we set 
out to optimize the model catalytic asymmetric 
Ugi-4CR between pentanal (1a), 4-nitroaniline 
(2a), 3-phenylpropanoic acid (3a), and cyclohexyl 
isocyanide (4a) in CH2Cl, at room temperature 
with 5-A molecular sieves as a dehydrating ad- 
ditive (Fig. 3). A strong background reaction was 
observed in the absence of catalyst under these 
reaction conditions, whereas moderate to good 
enantioselectivities were afforded with the addi- 
tion of 5 mole percent (mol %) of Brgnsted acid 
CPAs. 1,1'-Spirobiindane-7,7-diol (SPINOL)-derived 
phosphoric acid CPA6 with a bulky 2,4,6-tricyclo- 
hexylphenyl group at the 6,6’-position was found 
to be the best catalyst, providing the desired 
product 5 in 64% yield and 82% ee. Further 
investigations revealed that a 0.3 equivalent 
excess of la, 2a, and 4a at -20°C and double 
the initial scale improved the chemical yield to 
90%, with 92% ee (see table S11); the Passerini 
product was virtually absent according to 'H 
nuclear magnetic resonance (NMR) analysis of 
the crude reaction mixture. 


Asymmetric Ugi reaction with 
aliphatic aldehydes 


With the optimal reaction conditions in hand, 
we explored the substrate scope with respect to 
aliphatic aldehydes, amines, carboxylic acids, 
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Fig. 2. Strategies for entry to enantioenriched o-acylaminoamides. (A) Asymmetry originates 
from natural amino acid. (B) Substrate-induced asymmetric Ugi-4CR. (C) Chiral catalyst-induced 
asymmetric Ugi-4CR. CPA, chiral phosphoric acid. 
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Fig. 3. Optimizing CPA structure in a model reaction. Notations for CPAs: *The reaction of la 

(0.05 mmol), 2a (0.05 mmol), 3a (0.05 mmol), 4a (0.055 mmol), and catalyst (5 mol %) was carried 
out in 1 ml of CH2Clo. fThe reaction of 1a (0.13 mmol), 2a (0.13 mmol), 3a (0.10 mmol), 4a (0.13 mmol), 
and catalyst CPA6 (5 mol %) was carried out in 2 ml of CH2Cls at —20°C. Isolated yields are shown. 
The ee values were determined by chiral HPLC analysis. Negative ee refers to inverted configuration of 
the more abundant product enantiomer. MS, molecular sieve; Ph, phenyl; iPr, isopropyl; 1-Ad, 1- 
adamantyl; Cy, cyclohexyl. 


and isocyanides (Fig. 4). The reaction was ap- 
plicable to a wide range of aliphatic aldehydes. 
The chain length of alkyl substituents had a 
negligible effect on the stereochemical outcome, 
providing corresponding products 6 to 9 in 
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92% ee. 3-Phenylpropanal possessing a B-aryl 
moiety furnished the desired product 10 in 
91% yield and 90% ee. 3-Methylbutanal and 
2-phenylacetaldehyde were also suitable sub- 
strates to afford 11 and 12. A thioether (13) 
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Fig. 4. Substrate scope of the enantioselective Ugi-4CR with aliphatic and the Flack x parameter was determined as 0.000(4). (D) Scope of 


aldehydes. Colors in (A) to (D) correspond to component colors at upper isocyanides. Isolated yields are shown. The ee values were determined 
left. (A) Scope of aldehydes. (B) Scope of amines. (C) Scope of acids. by chiral HPLC analysis. *The 10.9:1 dr for 18 was calculated on the basis 
The absolute structure of 34 was defined by means of single-crystal x-ray of chiral HPLC analysis (the response factor was 1:1 for equimolar 
diffraction with radiation wavelength of 0.71073 A (Mo-Ka) at 100.0 kK, diastereoisomers calculated from the chiral HPLC trace). 
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substituent was well tolerated, and ether 
substituents (14, 15, and 16) afforded excellent 
enantioselectivities (95 to 96% ee) presumably 
due to the chelating effect as previously observed 
by Schreiber and colleagues (46). A symmetrical 
dialdehyde with a central N-tert-butoxycarbonyl 
group underwent a dual reaction at both car- 
bonyls with a 10.9:1 diastereomeric ratio (dr) and 
99% ee. Aside from 4-nitroaniline, amines with 


varied functionalities reacted smoothly to give 
compounds 19 to 23, and excellent enantiose- 
lectivities (94 to 97% ee) were achieved with 
chelating aldehydes (24-28). The generality of 
the acid component was broad, as products of 
linear alkyl carboxylic acids (29-32), benzyl car- 
boxylic acids (33 and 34), o-branched isobutyric 
acid (35), o-halogenated acetic acid (36), alkenyl 
carboxylic acids (37 and 40), aromatic carboxyl- 


ic acid (38), and heteroaromatic carboxylic 
acid (39) could all be generated with good en- 
antioselectivities (83 to 91% ee). The absolute 
configuration of 34 was determined by x-ray 
crystallographic analysis after recrystallization, 
and those of other products in Fig. 4 were as- 
signed by analogy. Although benzyl isocyanide 
formed 44: with moderate optical purity, primary, 
secondary, tertiary, and aromatic isocyanides 


fe) 
JL Re 
4 CPA4 (10 mol%) R? *N” 
fe) ' Cyclohexane, 5A MS, 20 °C, 36 h R' Ave 
— ne R' = Aryl group HN. 4 CPA4, R= iPr 
3 2 
A :B 
; : cl Cl 
46 R=H, 91% yield, 92% ee ° 64n=2, 93% yield, 90% ee 
47 R=4-Me, 91% yield, 93% ee} 65n=4, 90% yield, 92% ee 
48 R = 3-Me, 92% yield, 93% ee : 66 n=5, 96% yield, 93% ee 
49 R = 3,5-Meo, 92% yield, 93% ee : 67 n=6, 93% yield, 93% ee ¢} 71 
Cl 50 R = 4-OMe, 87% yield, 93% ee": O7 N( > 68 n=7, 94% yield, 90% ee O” N® 4Ph 86% yield 
51 R= 3-OMe, 75% yield, 92% ee : O 69n=8, 95% yield, 93% ee cla 
52 R= 4-fBu, 89% yield, 94% ee HN. 70 n=9, 83% yield, 93% ee HN. 
53 R = 4-Br, 69% yield, 90% ee : cl cl Cl 
O*-N7 ~~ 54R=3-Br, 86% yield, 92%ee  : 
“ Oo 55R=4-Cl, 69% yield, 91%ee 
R-t a 56 R= 3-Cl, 80% yield, 92% ee 
“Bn 57 R = 4-CO.Me, 81% yield, 91% ee: np —- fe) 
58 R=4-NO», 77% yield, 82%ee + OP ies Ph " i iin 
59 R=4-CN, 71% yield, 84% ee! word ? a 
60 R = 3-CN, 73% yield, 85% ee : HN. HN. 
61 R = 3-CFs, 83% yield, 88% ee a 74 75 
: 92% yield 81 mi — 86% yield 60% yield 
: 92% ee 80% ee 92% ee 89% ee 
cl : cl 
. . ; G 
of Ne oa \ i : . Q AN. C EE a i 
” oO : 0 yr " N fe) 
oe C 2 Cot mal Il, Ck 
HN. fe) ae my N._CO,Et HN nm 
62 - = ee 72 1) 7 
92% yield 71% yield : 84% yield aa yield 91% yield 93% yield 
92% ee 93% ee : 87% ee 91% ee 88% ee 90% ee 
: CO 
fie 80 R =H, 88% yield, 91% ee L 
Z 81 R = 4-Me, 90% yield, 92% ee SC 
82 R = 2-Me, 90% yield, 93% ee S 
Oo -N7 ~~ ™ _~—-883- R=3,5-Mez, 91% yield, 933% ee 88 PES 89 o*~-n7~™ _—s—700 
O 84 R = 4-OMe, 78% yield, 93%ee O N 88% yield ieee 87% yield fe) 84% yield 
85 R = 4-fBu, 86% yield, 90% ee fe) 92% ee o 90% ee 87% ee 
HN. 86 R = 4-Br, 92% yield, 93% ee HN. 
Bn 87 R= 4-NO», 70%. yield, 94% ee FINS ie BH 


Fig. 5. Substrate scope of the enantioselective Ugi-4CR with 
aromatic aldehydes. Colors in (A) to (D) correspond to component 
colors at upper left. (A) Scope of aldehydes. (B) Scope of amines. 

(C) Scope of isocyanides. (D) Scope of acids. Isolated yields are shown. 
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The ee values were determined by chiral HPLC analysis. *For 50, the 
reaction time was extended to 7 days. {For 63, the reaction time 

was extended to 72 hours. +For 77, 2.0 equiv of isocyanide was added 
to the reaction. tBu, tert-butyl; Et, ethyl. 
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formed Ugi products (41-43, 45) with good 
enantioselectivities, regardless of the extent 
of steric encumbrance. 


Asymmetric Ugi reaction with 
aromatic aldehydes 


We next examined the compatibility of our reac- 
tion protocol with aromatic aldehydes. Consid- 
ering their distinct properties, we reoptimized 
the conditions (see tables S5 to S10, S12, and S13) 
with benzaldehyde (1b), butylamine (2b), 4- 
chlorobenzoic acid (3b), and benzyl isocyanide 
(4b) as model substrates. Product 46 was ob- 
tained in 95% yield and 74% ee with chiral 
phosphoric acid CPA1 as catalyst in cyclohexane. 
We further varied the solvent, reaction temper- 
ature, and catalyst to identify the following op- 
timal protocol: Reactants Ib (0.13 mmol), 2b 
(0.10 mmol), 3b (0.10 mmol), and 4b (0.13 mmol) 
were combined with a newly synthesized catalyst 
CPA4 (10 mol %) in cyclohexane at 20°C for 
36 hours to afford the expected Ugi product 
46 in 91% isolated yield and 92% ee. To assess 
the substrate generality and limitations of these 


conditions, we evaluated a number of aromatic 
aldehydes, amines, carboxylic acids, and isocya- 
nides (Fig. 5). It was apparent that the positions 
and electronic properties of the substituents on 
the aromatic ring of the aldehydes exerted very 
limited influence on the stereoselectivity of the 
process (47-57); only slight decreases in en- 
antioselectivity were observed for compounds 
58 to 61 derived from aldehydes bearing strongly 
electron-withdrawing groups. The 2-naphthaldehyde 
and furfural were also applicable substrates for 
this transformation, affording 62 and 63 with 92% 
and 93% ee, respectively, although an extended 
reaction time was required for the latter. The 
reaction worked efficiently with different amines. 
Although benzyl amine delivered compound 73 
in slightly compromised optical purity, all other 
linear amines of various chain length including 
an ether gave rise to products (64:70, 75) in good 
enantiomeric excess. Similarly, 4-phenyl butylamine, 
3-phenyl propylamine, and 3-methyl butanamine 
formed products 71, 72, and 74 in satisfactory 
enantiomeric excess. Also, replacing the benzyl 
isocyanide with other isocyanides produced cor- 


responding Ugi products 76 to 79 without dimin- 
ishing enantioselectivity (87 to 91% ee). Tolerance 
toward structural and electronic variations of the 
acids afforded access to a series of o-acylaminoamides 
with excellent optical purities. Products of aro- 
matic acids bearing electron-donating (81-85), 
neutral (80), or electron-withdrawing (86 and 87) 
moieties at varying positions on the phenyl ring 
were formed in 90 to 94% ee. In addition, 2-naphthyl 
carboxylic acid and trans-cinnamic acid were suit- 
able substrates, providing corresponding products 
(88 and 89) in good yield and enantioselectiv- 
ity. Product 90 was assembled from aliphatic 
cyclohexanecarboxylic acid in 84% yield and 87% ee. 
The absolute configuration of 73 was assigned 
as (R) by comparing the high-performance liquid 
chromatography (HPLC) spectrum of the reac- 
tion product with the known configuration of 
(S)-73 synthesized from protected L-phenylglycine 
(Fig. 6B). Those of other products were assigned 
analogously. 

To further evaluate the practicality of the pro- 
tocol, we performed a gram-scale reaction to pre- 
pare 46. As shown in Fig. 6A, 46 was obtained 


: zt 
COOH ” tn. 
Standard condition 4-CIPh” ~N 
on + ~“\“™NHp + [or + Bn-NC ——W———> (e) 
’ 95% yield a 
1b 2b 3b 4b \_ 92% ee | 46 Bn 
(5.2 mmol) (4.0 mmol) (4.0 mmol) (5.2 mmol) (1.65 g) 
B oO 
-B -B ve WF ie 
HN °° HN °° NH 4-CIPh i 
OH a es 8 Men 8, 
910 920 93 O 940 73 0 
>99% ee 87% yield, 95% ee 98% yield, 95% ee 66% yield, 94% ee 89% yield, 94% ee 
| activation 
_Boc OtBu OfBu OfBu peseseeeeeess : 
HN nA nA nA : overall yield: 
oon S Oo = ee C—— O ; 50% 
a Cy % OH o 
racemization 
' 3b (1.0 equiv.) 1 3b (1.0 ) 
.O equiv. .O equiv. 
_nBu So - nBu 
So 4b (1.3 equiv.) saree’ 4b (1.3 equiv.) N 
+ nBuNH>  —— 
CPA4 (10 mol%) CPA4 (10 mol%) 
1b 2b Cyclohexane, 36 h HN Cyclohexane, 36 h 95 
(1.0 equiv.) (2.0 equiv.) 0% yield 46 Bn 96%yield,92%ee (1.0 equiv.) 


Fig. 6. Syntheses of (R)-46 and (S)-73, and control experiments. 
(A) Gram-scale synthesis of 46 via catalytic enantioselective Ugi-4CR. 
(B) Synthesis of (S)-73 from enantiopure amino acid source. Conditions: 
(a) benzylamine, N,N-diisopropylethylamine (DIEA), O-(benzotriazol-1-yl)- 
N,N,N‘,N’-tetramethyluronium tetrafluoroborate (TBTU), CH2Cls, -20°C, 
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24 hours; (b) trifluoroacetic acid, CH2Cl>, rt, 10 hours; (c) benzaldehyde, 
MgSOq, CHo2Cle, rt, 10 hours; (d) NaBH4, MEOH/HZ20, rt, 4 hours; 

(e) p-chlorobenzoyl chloride, NEt3, CH2Cls, O°C, 2 hours. (C) Control 
experiments. Isolated yields are shown. The ee values were determined 
by chiral HPLC analysis. LG, leaving group; nBu, n-butyl. 
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with the same enantioselectivity but in higher 
yield. Our strategy is more efficient than the 
conventional method (Fig. 6B), which requires 
multiple steps and suffers from moderate over- 
all yield (50%; Fig. 6B). 


Ry ep » 
j / “(SX /-2.00A No 
1.57A a re 
tS yo 
+ + H 
Me HH H 
AX, HX + La, 
MeO, /7 Oo Nes oO oS 
Pp PNP + Me MeO, “7 ‘CO PNP 
oN | =N7 oP. A Me 
MeO HN ZN es NCH on — ae 
Me H Me Me 
TS-1 TS-1a TS-1b 


Acid-heterodimer-catalyzed 
AGt = 15.7 kcal/mol 


lowest barrier 
B A AG 
kcal/mol 
( ) Meo. 4? 
MeO” \ 


| 
157A 1.07A J 
a 


TS-1 (15.7) 


Fig. 7. Calculated activation modes and energy profile of catalytic Ugi 
reaction. (A) DFT-optimized transition state structures and computed activation 
energies for the nucleophilic addition of the isocyanide to the imine. Barriers 
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(MeO)2PO2H-catalyzed 
AG#* = 18.9 kcal/mol 


Mechanism studies 

To gain mechanistic insights, we conducted con- 
trol experiments and density functional theory 
(DFT) calculations. The reaction did not proceed 
in the presence of two equivalents of amine, 


_"° 
Ce) 
a 
PNP © M Be : 
aah -.NT . = y-O-F 
ESR gt? Meo. _? Q 
“* >P. PNP ‘| + UMe 
Me H MeO” > I “ZN 
O---H—-N_ _C# 
TS-1 15.7 aa 


7' (7.3) 


TS-2 (10.3) 
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AcOH-catalyzed 
AG* = 27.7 kcal/mol 


PNP so + 
-N 5 
imidate PNP shy 


which implies that the active catalyst is the chiral 
phosphoric acid itself rather than phosphate or 
other deprotonated species. Also, the reaction 
outcome of mixing preformed imine 95 with 
carboxylic acid 3b and isocyanide 4b was similar 


f : 
103A 4654 YI 


TS-ic 
AcOH-dimer-catalyzed 
AG* = 27.1 kcal/mol 


fs) 
(Me0),POH PNP Me 
ry se PNP ( Ao 9 
Meo. 2H" MeO" 'o-H----nv Meo "OH ae es 
* MeO” \O-H----0 Me You Me J | 
AcOH 3! 5! Me 7 MeO. O_NMe . 
2" ; itrifiumn i Meo ° 
heterodimer heterotrimer nitrilium intermediate OHA Me (MeO),POH Me. 0 


TS-3 (10.1) 


are relative to imine, isocyanide, and acid dimer. (B) DFT-computed reaction 
pathway for the catalytic Ugi reaction of 2’, 4’, and 6’. PNP, p-nitrophenyl. Color 
code: gray, carbon; white, hydrogen; blue, nitrogen; red, oxygen; orange, phosphorus. 
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+ N82 AF ~ 
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Fig. 8. Density functional theory calculations for enantioselectivity. (A) DFT-optimized 
enantio-determining transition state structures and their relative energies for N-aryl imine substrate. 
(B) DFT-optimized enantio-determining transition state structures and their relative energies for 


N-alkyl imine substrate. 


to the four-component variant, suggesting earlier 
imine formation as well as the key intermediacy 
of trans-imine. Carboxylic acids with varying pK, 
and steric properties gave products with a range 
of ee values—91% ee (31), 88% ee (35), and 83% 
ee (38) in Fig. 4 as well as 94% ee (87), 92% ee 
(81), and 87% ee (90) in Fig. 5— that hinted at the 
participation of this component in the enantio- 
determining step of the reaction mechanism, 
which could be the o-addition step of isocyanide 
to imine. Thus, we posited that lowest unoccupied 
molecular orbital (LUMO) activation of the imine 
might be accomplished by CPA-carboxylic acid 
heterodimer catalysis via a bifunctional activation 
mode (41). DFT calculations strongly support 
such a scenario, as transition state TS-1 (Fig. 7A), 
resulting from 5’ (Fig. 7B), has the lowest energy 
among all the considered transition states. For 
the nucleophilic addition of the isocyanide to 
the trans-imine, four different modes (Fig. 7A) 
of catalysis were explored and compared. The 
chiral phosphoric acid is modeled with a di- 
methyl model catalyst. All these TS structures 
involve LUMO activation of the imine by the 
catalyst, as well as activation (directing) of the 
isocyanide via either electrostatic interaction 
(TS-1) or C-H---O hydrogen bonding (TS-la-TS- 
1c). The acid-heterodimer catalysis via TS-1 has 
the lowest energy barrier (15.7 kcal/mol). It fea- 
tures favorable electrostatic interactions between 
the positively charged nitrogen atom of the iso- 
cyanide and the carbonyl oxygen atom of the 
carboxylic acid. 

In the calculated free energy profile for the 
reaction (Fig. 7B; see fig. S1 for full reaction 
pathway), the model phosphoric acid 1’ and 
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acetic acid 2’ form a relatively stable heterodimer 
3’ (5.2 kcal/mol exergonic) as suggested by List 
and co-workers (35). Imine coordination at the 
Bronsted acid site of the phosphoric acid gen- 
erates heterotrimer 5’. The activated imine then 
undergoes a nucleophilic attack by isocyanide 6’ 
to form the nitrilium intermediate '7’, Accompany- 
ing the proton delivery, the carboxylate attacks 
the nitrilium carbon via TS-2 to form the imidate 
8’ rapidly; the difference in energy between TS-2 
and 7’ is only 3 kcal/mol. Subsequently, phos- 
phoric acid 1’ promotes a Mumm rearrangement 
to release the desired product 14’ and regenerate 
the catalyst. The overall rate-determining step 
is the nucleophilic addition of the isocyanide 6’ 
to the imine-catalyst complex 5’ via TS-1. The 
subsequent Mumm rearrangement catalyzed by 
phosphoric acid has a lower barrier (11.9 kcal/mol, 
via TS-3) than the first C-C bond-forming step 
(15.7 kcal/mol, via TS-1). For comparison, the 
Mumm rearrangement catalyzed by acetic acid 
has a much higher barrier (18.4 kcal/mol via 
TS-3a; fig. S2). This difference not only defines 
the rate-limiting step of the overall process, but 
also plays an important role in the stereochemical 
outcome of the reaction, as the enantioselectivity 
could be alternatively determined at the Mumm 
rearrangement step. For example, Zhu and co- 
workers attributed asymmetric induction in the 
Ugi variant they reported (44) to a dynamic 
kinetic resolution of the primary Ugi adduct, 
rather than to the C-C bond-forming process. 
Thus, the present work differs substantially from 
that previous work in the mode of selectivity. 
Enantio-determining TS structures were also 
explored with catalyst CPA6 (CPA4: is used in 
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Fig. 5, but CPAG also works); the lowest-energy 
TSs for two different imine substrates are shown 
in Fig. 8. The favored transition states lead to 
(S)-product for N-aryl imine and to (R)-product 
for N-alkyl imine, in accord with the experi- 
mental observations. The difference is larger for 
TS-6-(R) and TS-6-(S) (1.9 kcal/mol at room 
temperature). Although no obvious steric clashes 
are detected in these transition states, the im- 
portant factor is the orientation of the aryl 
groups of the substrates relative to the 2,4,6- 
tricyclohexyl group of the catalyst. In the favored 
TSs, the aryl groups fit into the pocket formed by 
the two cyclohexyl rings of the catalyst, whereas 
the aryl groups occupy the empty quadrant in the 
three-dimensional space left by the bulky sub- 
stituents of the catalyst in the disfavored TSs. It 
is likely that the favorable noncovalent inter- 
actions between the aryl groups of the substrates 
and the cyclohexyl groups of the catalyst are 
responsible for the observed enantioselectivities. 
A general model for predicting the stereochem- 
istry of phosphoric acid-catalyzed reactions of 
imines based primarily on steric effects (47, 48) 
failed to predict the correct stereochemistry in 
this case, pointing to the importance of nonco- 
valent interactions and their interplay with (and 
sometimes overriding of) steric effects in chiral 
phosphoric acid-catalyzed reactions (49, 50). The 
bifunctional property of the chiral phosphoric 
acid plays a profound role in the reaction pro- 
cesses (fig. S1) with respect to generation of the 
heterodimer, activation of the imine for o-addition 
of isocyanide, control of the enantioselectivity, and 
promotion of the Mumm rearrangement. 


Methods 


1H NMR, “C NMR, and '°F NMR spectra of 46 
to 90 were recorded at 80°C in DMSO-d6 on a 
400 MHz instrument with tetramethylsilane 
(TMS) as internal standard. ‘'H NMR, °C NMR, 
31P NMR, and °F NMR spectra of other com- 
pounds were recorded at room temperature in 
CDCI3 on a 400 MHz/500 MHz instrument 
with TMS as internal standard. Data for 'H NMR 
are recorded as follows: chemical shift (ppm), 
multiplicity (s, singlet; d, doublet; t, triplet; q, 
quartet; m, multiplet), coupling constant (Hz), 
integration. Data for *C NMR are reported in 
terms of chemical shift (5, ppm). High-resolution 
mass spectra (HRMS) were recorded on a LC- 
TOF spectrometer (Micromass). ESI-HRMS data 
were acquired using a Thermo LTQ Orbitrap XL 
Instrument equipped with an ESI source and 
controlled by Xcalibur software. Enantioselec- 
tivities were recorded on Shimadazu/Agilent 
HPLC, using a chiral stationary phase column 
(IC/ID, Daicel Co. CHIRALPAK). The chiral HPLC 
methods were calibrated with the corresponding 
racemic mixtures. Dichloromethane and _ cyclo- 
hexane were purchased from J&K. 5-A molecular 
sieve was purchased from Acros. The silica gel 
(300-400 mesh) for flash column chromatog- 
raphy was purchased from Accela. Other chem- 
icals were purchased from TCI, Energy, Adamas, 
Meryer, Acros, and Alfa Aesar, and used as 
received. 
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All calculations were performed with the 
Gaussian 09 package (51). Geometry optimiza- 
tions were performed with B3LYP (52, 53) and 
the 6-31G(d) basis set. Normal vibrational mode 
analysis at the same level of theory confirmed 
that the optimized structures are minima (zero 
imaginary frequency) or saddle points (one ima- 
ginary frequency). Single-point energies and sol- 
vent effects in dichloromethane were computed 
with the dispersion-corrected density functional 
method B3LYP-D3 (54) with a Becke-Johnson 
(BJ) damping function (55) and the 6-311+G (d,p) 
basis set using the CPCM solvation model (56, 57). 
The relative energies with ZPE corrections and free 
energies (at 298.15 K) are in kcal/mol. Single-point 
energies were also evaluated within the CPCM 
model using the MO6-2X (58), wB97X-D (59), and 
B3LYP functionals to compare the stereoselectiv- 
ities computed with or without dispersion correc- 
tions. DFT-optimized structures are illustrated 
using CYLView (60). 
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Recurrent cortical circuits implement 
concentration-invariant odor coding 


Kevin A. Bolding and Kevin M. Franks* 


INTRODUCTION: Objects can appear remark- 
ably stable despite the often fickle cues they 
provide to our senses. For instance, a foraging 
mouse can identify and locate a piece of cheese 
several meters away entirely by smell, even 
though the concentration of airborne “cheese” 
molecules varies steeply over this distance. How 
the brain maintains perceptual stability across 
such widely ranging stimulus intensities re- 
mains a fundamental, unanswered question. 
The response properties of olfactory sensory 
neurons in the mouse’s nose may provide part 
of the answer. With each sniff, 
inhaled odorant molecules acti- 
vate subsets of sensory neurons 
that each express a single type of 
odorant receptor. At low concen- 
trations, when only a few odor- 
ant molecules are present, only 
those cells that express the most 
sensitive receptors for that par- 
ticular odorant will be activated. 
However, many cells that express 
lower-affinity receptors will also 
be activated at higher concen- 
trations, potentially degrading 
the odor representation. Cru- 
cially, the sensory neurons that 
express high-affinity receptors 
will always be activated earliest 
in the sniff, regardless of concen- 
tration. Could the mouse’s brain 
exploit this temporal structure to 
maintain stable odor representa- 
tions despite changing odorant 
concentrations? 


RATIONALE: To test this idea, 
we simultaneously recorded spik- 
ing activity from olfactory bulb 
(OB) mitral cells, which receive 
input from the olfactory sensory 
neurons, and from their cortical 
targets, principal neurons (PNs) 
in the piriform cortex (PCx), 
where odor identity is encoded. 
PNs form extensive, long-range 
“recurrent” excitatory synapses 
with each other in addition to 
forming excitatory synapses on 
PCx inhibitory interneurons. We 
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hypothesized that this architecture enables 
the earliest activated—and therefore most 
selective—PCx PNs to rapidly inhibit less se- 
lective PCx PNs, helping to maintain stimu- 
lus specificity across odorant concentrations. 
We directly tested this idea by selectively 
expressing tetanus toxin in PCx PNs, blocking 
their ability to excite other PCx neurons but 
leaving them responsive to OB inputs. 


RESULTS: In control mice, OB responses to 
different odors were more correlated and 
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were more sensitive to differences in odor 
concentration than responses in PCx. In- 
dividual OB neurons fired bursts of ac- 
tion potentials, with odor-specific latencies 
and prolonged responses that were strongly 
concentration-dependent. By contrast, PCx 
PNs were briefly excited immediately after 

inhalation and then rap- 
idly truncated by strong 
Read the full article and sustained suppres- 
at http://dx.doi. sion. To identify the 
org/10.1126/ source of this suppres- 
science.aat6904 sion, we recorded from 
i auetaha ated xmas eedpuwand and tccd- 
back inhibitory interneurons in PCx. Feed- 
forward interneurons, which are excited 
exclusively by OB inputs, exhibited little 
odor-evoked activity. By contrast, feedback 
interneurons, which are excited by PCx 
PNs but not by OB, showed robust and 
sustained spiking that mirrored PN sup- 
pression, indicating that PCx itself controls 
the timing and strength of its own sup- 
pression. We eliminated this intracortical 
communication by silencing recurrent ex- 
citatory synapses in PCx with 
tetanus toxin. This amplified and 
prolonged PCx PN responses, 
rendered their responses steeply 
concentration-dependent, and 
abolished the ability to stably 
predict odor identity across con- 
centrations from PCx spiking 
activity. 


DISCUSSION: The PCx cells that 
respond earliest after inhalation 
represent the most odorant-specific 
and concentration-invariant fea- 
tures of the odor. The extensive, 
long-range recurrent circuitry 
broadcasts their activation across 
PCx, recruiting strong, sustained 
global inhibition that then sup- 
presses subsequent cortical activ- 
ity. Recurrent circuitry therefore 
effectively amplifies the impact 
of the earliest arriving OB inputs 
and discounts the impact of less- 
selective inputs that arrive later. 
Thus, the recurrent circuitry in 
the PCx acts as a precisely timed 
gate to ensure that only the most 
salient information is relayed fur- 
ther into the brain to guide the 
mouse’s behavior. & 


Whenever a mouse inhales, volatile molecules activate odorant 
receptors in the nose, evoking sequences of activity in the olfactory 
bulb. Bulb cells driven by the most specific receptors, which therefore 
best represent the odor stimulus (cheese), will always respond earliest. 
When this information is relayed to piriform cortex, activated principal 
neurons (red cells) recruit inhibitory neurons (green cells) that then 
suppress cortical responses to subsequent, less-specific olfactory bulb 
input (such as garlic, shoe, or flower), preserving the identity of the stimulus. 
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Animals rely on olfaction to find food, attract mates, and avoid predators. To support these 
behaviors, they must be able to identify odors across different odorant concentrations. The 
neural circuit operations that implement this concentration invariance remain unclear. We found 
that despite concentration-dependence in the olfactory bulb (OB), representations of odor 
identity were preserved downstream, in the piriform cortex (PCx). The OB cells responding 
earliest after inhalation drove robust responses in sparse subsets of PCx neurons. Recurrent 
collateral connections broadcast their activation across the PCx, recruiting global feedback 
inhibition that rapidly truncated and suppressed cortical activity for the remainder of the sniff, 
discounting the impact of slower, concentration-dependent OB inputs. Eliminating recurrent 
collateral output amplified PCx odor responses rendered the cortex steeply concentration- 
dependent and abolished concentration-invariant identity decoding. 


lIthough the ability to reliably identify ob- 

jects over a large range of stimulus inten- 

sities is a fundamental feature of all sensory 

systems, the neural mechanisms that im- 

plement intensity invariance remain poorly 
understood. At the earliest stages of processing, 
odor responses scale steeply with odorant con- 
centration (J-4). However, psychophysical studies 
indicate that odors typically retain their perceptual 
identities, whereas concentration varies over 
several orders of magnitude (5-7). The olfactory 
system must therefore transform concentration- 
dependent odor responses encoded at early stages 
of processing into concentration-invariant repre- 
sentations of odor identity. 

In the olfactory bulb (OB), odor-responsive mi- 
tral and tufted cells fire bursts of action potentials 
with odor-specific latencies that tile the ~500-ms 
respiration cycle (8-77). Odor information is then 
diffusely projected from the OB to the piriform 
cortex (PCx), so that individual PCx neurons can 
integrate inputs from different combinations of 
OB glomeruli, producing odor-specific ensembles 
of neurons distributed across the PCx whose con- 
certed activity encodes odor identity (12-16). 
Theoretical studies have suggested that the PCx 
can form concentration-invariant odor represen- 
tations by selectively responding to the earliest- 
active OB inputs while ignoring the contribution 
of inputs arriving later, which may reflect more 
spurious activation of lower-affinity receptors 
(17-22). Specifically, at low odorant concentra- 
tions, only those glomeruli innervated by receptors 
with the highest affinity will be activated; at higher 
concentrations, more glomeruli may be activated, 
but the highest affinity glomeruli will be most 
strongly activated, and the mitral and tufted cells 
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that innervate those glomeruli will therefore always 
be activated earliest in the sniff. A concentration- 
invariant odor representation could be formed 
if downstream areas selectively attended to the 
earliest OB inputs and discounted OB inputs that 
occur later in the sniff (23-25). How such a “tem- 
poral winner-take-all”-type filter would be im- 
plemented within the PCx is not known. 


Concentration-invariance emerges in 
the PCx 


To address this question, we simultaneously rec- 
orded spiking in populations of mitral cells and 
ipsilateral PCx principal cells in awake, head- 
fixed mice in response to different odorants pre- 
sented at multiple concentrations (Fig. 1A). At 
low concentrations, odors activated small and 
specific subsets of cells in both the OB and PCx 
(Fig. 1B). Many OB cells that were not responsive at 
lower concentrations became responsive at higher 
concentrations, whereas responses were more 
stable across concentrations in the PCx (Fig. 1, 
B and C). We characterized the concentration- 
dependence of population responses by construct- 
ing trial-by-trial response vectors composed of 
spike counts for each cell in populations of OB 
and PCx cells (Materials and methods). We then 
projected these high-dimensional responses onto 
their three principal components (Fig. 1, D and 
E). We quantified the variance of responses to an 
odor at different concentrations (A conc.) and 
compared these to the variance for repeated pre- 
sentations of each odor at a single concentration 
(repeat) and for responses to different odors (A 
odor): distances in PCA space for repeat and A 
odor responses place upper and lower bounds, 
respectively, on the concentration-invariance of 
A cone. responses. Crucially, A conc. responses and 
A odor responses were equally variable in the OB 
(Fig. 1D), whereas A conc. responses in the PCx 
were significantly less variable than A odor re- 
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sponses (Fig. 1E), indicating that concentration- 
invariance emerges in the PCx. This result was 
robust when response distances were measured 
in all-neural space instead of PCA space (fig. S1). 
Given that PCx is driven directly by the OB, this 
result indicates that the PCx extracts and selec- 
tively represents the most concentration-invariant 
features of its OB inputs while discounting the 
impact of more concentration-dependent inputs. 

We next examined response dynamics to un- 
derstand how the PCx implements this filter. 
Over the course of a single sniff, odor-responsive 
mitral cells fired bursts of action potentials [full- 
width at half-maximum duration (mean + SD), 
70.6 + 49.3 ms; n = 1830 cell-odor pairs at 0.3% v/ 
v] with different latencies after inhalation onset. 
Spiking activity was more sparse in the PCx, with 
neurons typically responding more briefly (46.7 + 
27.0 ms; n = 4197 cell-odor pairs; P = 5.06 x 10°, 
two-sample Kolmogorov-Smirnov test) shortly 
after inhalation (Fig. 2, A to C). Across the pop- 
ulation, individual OB mitral cells responded with 
peak latencies that uniformly tiled the sniff cycle 
(Fig. 2D) (8-10), whereas >50% of PCx responses 
occurred within the first 60 ms after inhalation 
(Fig. 2E). In the OB, population activity—determined 
by averaging responses for all cell-odor pairs— 
showed a brief initial increase in spiking fol- 
lowed by a slower and sustained envelope of 
spiking activity (Fig. 2, C and F). However, in the 
PCx we only observed a transient increase in 
population spiking that was rapidly truncated 
and followed by suppression that sustained over 
the remainder of the sniff, despite continuing 
input from OB. 

We then examined OB and PCx responses at 
different concentrations. OB spiking increased 
systematically with concentration, with sustained 
responses being especially concentration de- 
pendent (Fig. 2, G and H). Peak amplitude of the 
initial cortical population response increased as 
the ensemble of responsive PCx cells was ac- 
tivated more synchronously at higher concentra- 
tions; however, the ensembles themselves were 
largely concentration invariant (75). Beyond the 
initial phase, and for the remainder of the sniff, 
spiking in the PCx was more strongly suppressed 
at higher concentrations, despite receiving more 
input from OB. Thus, the PCx preserves odor rep- 
resentations across odorant concentrations by 
suppressing its response to later OB inputs that 
are especially concentration dependent. 


Feedback inhibition truncates 
PCx odor responses 


What is the source of this suppression? Principal 
neurons in the PCx receive inhibitory inputs 
from two general classes of y-aminobutyric acid 
(GABA)-ergic interneurons. Feedforward inter- 
neurons reside in layer 1 and only get direct ex- 
citatory input from the OB (Fig. 3A). These neurons 
are well positioned to suppress responses to sus- 
tained OB input (26-29). However, PCx princi- 
pal cells (both semilunar cells and pyramidal 
cells) extend long-range projections across the 
cortex, providing excitatory input onto other 
PCx pyramidal cells as well as onto feedback 
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interneurons that reside in deep layer 2 and 
layer 3 (26, 29-31). We took advantage of the 
laminar segregation of feedforward and feedback 
inhibitory interneurons and used an optical tagging 
approach to compare odor responses in these two 
distinct populations of interneurons. We recorded 
from neurons that were deep or superficial to the 
large population of glutamatergic principal cells 
in layer 2 in vesicular GABA transporter (VGAT)- 
ChR2-green fluorescent protein (GFP) mice, in 
which all GABAergic interneurons express chan- 
nelrhodopsin-2 (ChR2) (32) (Fig. 3B). Light pulses 
evoked robust and sustained spiking in ~7% of 
cells (66 of 921 cells, m = 15 recordings), which is 
consistent with these cells being VGAT™ inhibi- 
tory interneurons, whereas spiking in the remain- 
ing cells was either significantly suppressed (639 
of 921 cells) or unaffected (216 of 921 cells). We 
classified cells as layer 1 feedforward interneu- 
rons (FFIs) ( = 13 of 66 VGAT* neurons) or layer 


2/3 feedback interneurons (FBIs) (7 = 46 of 66 
VGAT" neurons) according to their dorsoventral 
(DV) position relative to the dense population 
of VGAT principal cells in layer 2 (Fig. 3, C and 
D). Seven VGAT* neurons could not be clearly 
classified as FFIs or FBIs and were excluded. Spike 
waveforms of FBIs were narrower than VGAT™ 
cells and more symmetrical than both VGAT™ 
and FFIs (Fig. 3C and fig. S2), which is consistent 
with a subset of these being fast-spiking inter- 
neurons. Spontaneous firing rates in FFIs and 
FBIs were significantly higher than those in 
VGAT cells (fig. $2). 

In response to odors, we observed shortly after 
inhalation a large and rapid increase in FBI spik- 
ing that peaked just as spiking in principal cells 
was sharply suppressed and remained elevated 
for the duration of the sniff (Fig. 3, E to G). Odor- 
evoked spiking in FFIs increased slowly and only 
slightly after inhalation, suggesting that FFIs may 


provide tonic inhibition driven by spontaneous 
OB input but do not play a major role in shaping 
phasic, odor-evoked cortical responses. This result 
is not entirely unexpected because although these 
cells do receive broadly tuned OB input, they are 
even more broadly self-inhibited (28). Moreover, 
spiking in FBIs, but not FFIs, increased system- 
atically with concentration (Fig. 3, H and J), 
suggesting that they play the major role in nor- 
malizing PCx output, which is consistent with 
predictions from our recent modeling study (25). 
Thus, FBIs appear to play the dominant role in 
truncating and suppressing odor-evoked activity 
in the PCx. Because FBIs do not get OB input but 
instead are recruited by intracortical recurrent 
collateral connections, these data indicate that 
it is PCx activity itself that initiates its sub- 
sequent, rapid suppression, determining what 
OB information is transmitted and what infor- 
mation is effectively ignored. 
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Fig. 1. Concentration-invariant odor representations emerge 

in PCx. (A) Experimental schematic. Odor panel included four odors 

at a single concentration and two odors at four concentrations. 

B) Example responses from simultaneously recorded pairs of 

left) OB or (right) PCx cells to two odors at different concentrations. 
Responses are aligned to start of inhalation. (C) Percent of 

cells significantly activated by odors of increasing concentration 

P < 0.05 rank-sum test, odor vs mineral oil) in the OB (red) or 

PCx (black, n = 5 simultaneous OB-PCx recordings, two odors, four 
concentrations). (D) (Left) PCA representation of OB pseudopopulation 


n = 94 cells) response in a 330-ms window after 


butyrate (blue) and hexanal (magenta) at different concentrations 
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inhalation to ethyl 
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A odor 


(0.03 to 1%, different shades). Dots represent responses on individual 
trials; ellipsoids are mean + 1 SD. (Right) Relative population 

response distances in neural activity space projected onto the first 

three principal components. Distances were computed for each 

stimulus between trials of the same odor and concentration (repeat, 

n = 12 stimuli), different odors (A odor, n = 12 stimuli), or same 

odor and different concentration (A conc., n = 8 stimuli), and normalized to 
the average A odor distance. OB responses to different concentrations 
were as dissimilar as responses to different odors (one-sample t test 
versus mean of 1, P = 0.851). (E) As in (D), but for PCx pseudopopulation 
(n = 330 cells). PCx responses to different concentrations were 

more clustered than responses to different odors (P = 0.001). 
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Strategy to eliminate much of the excitatory drive onto odor-responsive | strategy in order to distinguish between these 
recurrent excitation cells (33, 34). However, because recurrent ex- alternatives. We selectively expressed tetanus 
Piriform pyramidal cells receive approximately | citation also recruits FBIs, recurrent circuitry | toxin light chain (TeLC) in principal cells using 
10 times more recurrent inputs than OB inputs, | may actually exert a net inhibitory effect on PCx | cre-dependent adeno-associated viruses (AAVs) 
and recurrent connections are thought to provide activity (25). We developed a cortical muting | injected into the PCx of emxl-cre mice. TeLC 
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Fig. 2. PCx predominantly responds to early OB inputs. (A) Example cell-odor responses at different concentrations (OB, n = 188; PCx, 
single-trial response to isoamyl acetate (0.3% v/v) in populations n = 664 cell-odor pairs; mean + SEM). Gray shading indicates initial 
of simultaneously recorded OB and PCx cells. Negative-going respiration (O to 60 ms) and sustained (100 to 300 ms) analysis windows. Dashed 
signal (top) indicates inhalation. Bold blue line marks start of line indicates inhalation onset. (G@) Normalized multiunit activity (MUA) 
first inhalation after odor onset. Thin blue line marks second inhalation. rates during initial phase (n = 5 experiments, two odors, four concen- 
Cells in each population are sorted by trial-averaged response peak trations) in OB versus PCx. MUA is determined by recombining 
latency. (B) Example trial-averaged peristimulus time histograms individual cell responses. (Top) Average OB (red) and PCx (black) response 
(PSTHs) for populations in (A). Blue lines indicate inhalation times on across recordings and odors. MUA was normalized to baseline 
all 15 trials. (©) Average PSTHs for same OB and PCx populations activity 1 s before odor. (Bottom) Each point is the average response 
responding to three odors. Shading is SEM across cells. (D) PSTHs of one simultaneously recorded OB-PCx population response pair. 
for all OB cell-odor pairs sorted by latency to peak show uniform tiling Shading indicates concentration. Cyan lines are linear fits across 
of sniff cycle. (E) Same as (D) but for PCx. Majority of PCx responses concentrations for each OB-PCx population response pair. Black line is the 
occur within 60 ms after inhalation. (F) Average PSTHs for all linear fit to all data. (H) As in (G) but for the sustained phase. 
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expression should block transmitter release from 
PCx principal cells but should not alter their 
excitability. This strategy would allow us to record 
OB-driven spiking in the PCx, without affecting 
FFI, after blocking their ability to excite one 
another or recruit FBI (Fig. 4A). To validate this 
method, we first focally injected cocktails of two 
AAVs conditionally expressing ChR2 and either 
GFP or TeLC-GFP into a small region of the 
anterior PCx (Fig. 4B). We then isolated acute 
brain slices from these mice and obtained voltage- 
clamp recordings from uninfected cells. Brief light 
pulses above the recorded cell evoked large, mono- 
synaptic responses in ChR2/GFP slices by activat- 
ing recurrent excitatory inputs from other infected 
PCx neurons (37). However, light-evoked responses 
were almost completely abolished in ChR2/TeLC- 
GFP slices (Fig. 4C). Light drove robust spiking in 
ChR2/GFP and ChR2/GFP-TeLC-positive cells. In 
a separate set of control experiments, we expressed 
TeLC-GFP alone throughout the PCx. In current- 
clamp recordings, we verified that TeLC expres- 
sion did not alter neural excitability (Fig. 4D). In 
voltage-clamp recordings, electrical stimulation 
of OB axons evoked equivalent monosynaptic ex- 
citatory postsynaptic currents (EPSCs) and di- 
synaptic feedforward inhibitory postsynaptic 
currents (IPSCs) in TeLC-expressing cells, un- 
infected neighboring cells, and in cells from un- 
injected control slices, indicating that both OB 
input and FFI are unaffected by TeLC expression 
in the PCx (Fig. 4, E to G). Last, we examined 
responses to electrically stimulating recurrent 
axons in layers 2 and 3. Both EPSCs and di- 
synaptic IPSCs were reduced in TeLC-infected 
slices. However, direct IPSCs, evoked by means 
of direct stimulation of FBIs after application of 
glutamate receptor antagonists, were equivalent, 
indicating that TeLC blocks transmitter release 
onto both other PCx principal cells and FBIs but 
does not block feedback inhibition (Fig. 4, H and I). 


Recurrent excitation suppresses 
odor responses 


To unilaterally eliminate recurrent circuitry, we 
injected AAV-DIO-TeLC-GFP at three different 
locations along the rostro-caudal axis, uniformly 
infecting ~60% of principal neurons across the 
PCx (Fig. 5, A and B, and fig. S3). We then re- 
corded odor responses simultaneously in the PCx 
from infected and contralateral control hemi- 
spheres (Fig. 5C). Spontaneous firing rates in 
TeLC-infected (TeLC-PCx) and contralateral con- 
trol hemispheres were similar. Population spiking 
was more strongly coupled to the respiration cycle 
in both TeLC-PCx and ipsilateral OB, indicating 
that cortical network activity normally desyn- 
chronizes spiking in both the PCx and OB (fig. 
$4). Despite eliminating much of its excitatory 
input, odor responses in TeLC-PCx were enhanced, 
increasing steeply after inhalation and remaining 
elevated for the duration of the sniff (Fig. 5, D 
to E). Spiking in simultaneously recorded con- 
tralateral control hemispheres was truncated 
shortly after inhalation and suppressed there- 
after, as before. Two factors underlie this en- 
hanced population response: first, a given odor 
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Fig. 3. Feedback inhibition shapes cortical odor responses. (A) Schematic of PCx circuit: FFls in 
layer 1 receive OB input; principal cells in layer 2 provide recurrent excitatory input to other principal cells 
and to FBIs in layer 3. (B) Recording schematic. Light-responsive FFls and FBls in VGAT-ChR2 mice 
are differentiated by their depths relative to VGAT principal cells in layer 2, which are suppressed. 

(C) FFls (magenta, n = 13), FBls (teal, n = 46), and VGAT- (black, n = 855) are classified by light- 
responsiveness and depth (dashed line). Dots with error bars are mean + SEM. Light gray indicates 
unclassified light-responsive cells. (Top) Average waveform of each cell type (mean + SEM). Scale bars, 
0.5 ms, 0.1 mV. (D) Example light responses for one PC (black) and four cells classified as FFls or 
FBls (blue). (E) Example odor responses for cells in (D). (F) Average population PSTHs (mean + SEM) 
for each cell type. (G) Normalized PSTHs for FBls and VGAT cells. (H) Average population PSTHs for 
(left) VGAT-, (middle) FFls, and (right) FBls responding to odors at increasing concentrations. (1) Nor- 
malized firing rates in response to increasing odor concentrations for each cell type (mean + SEM). 


activated more and suppressed fewer cells across 
the population in TeLC-PCx; second, activated 
responses were larger and of longer duration 
in TeLC-PCx (fig. S5). We next examined how 
responses changed across concentrations after 
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eliminating recurrent circuits. Gain control through 
divisive normalization is often thought to be 
implemented by feedforward inhibition (35). If 
FFIs control the gain of cortical odor responses, 
then PCx output should remain stable across 
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concentrations. However, response gain was mark- 
edly increased in TeLC-PCx, confirming the major 
role for feedback inhibition in controlling PCx 
output. Gain increased even though odor responses 
at the lowest concentrations were already consid- 
erably larger in TeLC-PCx (Fig. 5, F and G). PCx 
output remained constant across concentrations 
in contralateral control hemispheres. 


Fig. 4. TeLC expression selectively abolishes 
recurrent excitation. (A) Schematic of 

circuit changes after TeLC expression in PCx 
principal cells. (B) Focal coinfection in PCx 

with ChR2 and either GFP or TeLC-GFP, followed 
by whole-cell recordings from uninfected cells. 
(C) Light-evoked synaptic responses are 
abolished by TeLC. Example light-evoked 
response from non-ChR2-expressing neurons 

in (top) GFP- or (bottom) TeLC-GFP-infected 
PCx. i Light-evoked EPSC amplitudes in 

control and TeLC-expressing PCx (control: 

239 + 68 pA, n = 11 cells from two mice; TeLC 
35 + 10 pA, n = 12 cells from three mice; 
unpaired t test, P = 0.0133). (D) Example 
recordings from an (left) uninfected and (right) 
TeLC-infected neuron in the same slice in 
response to 50 pA current steps. (i) Resting 
membrane potentials (TeLC™, 73.4 + 2.03 mV, 
n= 14 cells from three mice; TeLC*, 70.7 + 2.01 mV, 
n= 11 cells from two mice; unpaired t test, P = 
0.335) and (ii) input resistances (TeLC, 

162 + 13.3 megohm; TeLC*, 188 + 13.8 megohm; 
P = 0.188) were equivalent. (E) Synaptic 

inputs from OB are unaffected. Example 
recordings of EPSCs [membrane voltage (Vin), 
-70 mV] and disynaptic feedforward IPSCs 

(Vin, +5 mV) evoked by means of electrical 
stimulation of the lateral olfactory tract (LOT) 

in (top) an uninfected control slice or (bottom) a 
TeLC-infected neuron. Both EPSCs and IPSCs 
were blocked by 2,3-dihydroxy-6-nitro-7- 
sulfamoylbenzo[f]quinoxaline (NBQX) (10 uM) 
and p,.-2-amino-5-phosphonovaleric acid 

(APV) (50 uM, not shown). (F) Summary 

of LOT-evoked EPSC and IPSC amplitudes from 
(i) uninfected control slices, (ii) TeLC* neurons 
and (iii) TeLC” neurons in TeLC-infected slices. 
(iv) EPSC/IPSC ratios were equivalent in all 
conditions; P > 0.05, unpaired t tests. (G) LOT 
EPSC paired-pulse ratios were not significantly 
altered after TeLC expression. n.s., not significant. 
(H) Example recordings showing recruitment 

of FBI is impaired, whereas FBI is unaffected. 
EPSCs and IPSCs were evoked by electrical 
stimulation of layer 2/3 226 + 17 um from 
recorded cell. EPSCs and IPSCs were attenuated 
in TeLC-infected slices. Blocking glutamate 
receptors with NBQX and APV eliminates the 
disynaptic component of IPSCs, with the residual 
PSC evoked through direct stimulation of FBIs. 
The residual IPSC was fully blocked by gabazine 
GBZ) (10 uM). (1) Summary of residual IPSC 
amplitudes. (i) The fractional size of residual 


But TeLC will block transmitter release from 
all synapses in infected cells, including centrifugal 
projections back to the OB, as well as to down- 
stream target areas. Centrifugal inputs from PCx 
contact GABAergic OB neurons that can sup- 
press mitral and tufted cell output (36-38), and 
this process would also be disrupted after TeLC 
infection (Fig. 6A). Indeed, we observed GFP 


expression in OB ipsilateral to AAV injection 
(Fig. 6B). To determine whether the large, pro- 
longed responses observed in TeLC-PCx were 
simply a consequence of enhanced OB input, we 
recorded OB responses ipsi- and contralateral to 
TeLC-PCx (Fig. 6C). Ipsilateral OB responses were 
larger than contralateral controls and increased 
more steeply at higher concentrations (Fig. 6, D 
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test, P = 0.0055), but (ii) the amplitudes of residual IPSCs were equivalent (P = 0.957). 
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PSCs after NBQX/APV was substantially smaller in TeLC-infected slices (control, n = 6 cells from three mice; TeLC, n = 6 cells from three mice; unpaired t 
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conc. (% v./Vv.) peak control MUA 
Fig. 5. Recurrent circuitry truncates and normalizes cortical 
output. (A) Extensive infection of layer 2 principal cells across PCx 
in an example mouse. GFP, green; NeuroTrace, magenta. Numbers 
indicate distance from bregma. Bottom row are the square sections 
from the top row. Scale bars, 500 um (top) and 50 um (bottom). 
(B) Percent cells expressing TeLC-GFP in six of seven mice used. 
Sections from one mouse were damaged, and infection could not be 
quantified. (Top) TeLC infection across rostral-caudal PCx. (Bottom) 
Low variation in TeLC expression across mice. (C) Experimental 
schematic. Simultaneous bilateral recordings from TeLC-infected and 
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conc. (% v./Vv.) average control MUA 
contralateral control hemisphere with odor stimuli. (D and E) Example 
responses (D) and average population PSTHs (E) (mean + SEM; control, 
n = 450 cell-odor pairs; TeLC, n = 388 cell-odor pairs) (F) Normalized 


peaks in MUA rates (n = 4 experiments, two odors, four concentrations). 


(Left) Peak responses across recordings and odorant concentrations. 
(Right) Each point is average response of one simultaneously recorded 
TeLC-Control PCx pair normalized to mineral oil response. Shading 
indicates concentration. Cyan lines are linear fits for each experiment 


through all concentrations. (G) As in (F) but for average rate over the first 


330 ms after inhalation. 
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Fig. 6. Centrifugal inputs from PCx control 
gain but not time course of OB responses. 
(A) Schematic of circuit changes in OB after 
TeLC expression in ipsilateral PCx principal cells. 
(B) Centrifugal PCx fibers expressing TeLC 

in OB ipsilateral to PCx infection. GFP, green; 
NeuroTrace, magenta. (C) Experimental 
schematic. Simultaneous bilateral recordings 
from OB ipsilateral and contralateral to TeLC- 
infected PCx with odor stimuli. (D) Peaks in OB 
MUA rates averaged across population-odor 
pairs (n = 3 experiments, two odors, four 
concentrations). Odor responses are normalized 
to mineral oil responses. (E) As in (D) but for 
average rate over the first 330 ms after 
inhalation. (F) Average PSTH of all OB cell-odor 
pairs in control (black, n = 406) or TeLC (green, 

n = 384) side responding to odor (mean + SEM). 
Thick lines are exponential fits to decay from 
peak to minimum. (Inset) Rescaled control OB 
response (dotted line) overlaid on TeLC-OB 
response. Response dynamics are similar in 
control and TeLC hemisphere despite change in 
response gain. (G) Same as (F) but for PCx 
(control, n = 1660; TeLC, n = 1532). Here, decay 
constants differ by an order of magnitude 
between control and TeLC hemisphere. 


to F). However, although both the amplitude and 
the gain of OB responses were larger after cen- 
trifugal inputs were blocked with TeLC, the time 
course of the response was unaffected. This con- 
trasts with the markedly prolonged responses in 
TeLC-PCx (Fig. 6G), indicating that centrifugal 
inputs play an important role in modulating OB 
response amplitude and gain but suggesting that 
the rapid truncation and sustained suppression 
of PCx activity is predominantly an intracortical 
process. 


PCx responds selectively to the 
earliest-activated OB inputs 


To circumvent the contribution of centrifugal 
inputs and other intrabulbar processes that can 
normalize odor responses (39-41), and to isolate 
the intracortical processes that shape PCx odor 
responses, we used an optogenetic approach to 
stimulate OB directly. We presented 1-s light 
pulses above the OB of Thyl-ChR2-yellow fluo- 
rescent protein (YFP) mice, which express ChR2 
in mitral and tufted cells (42) (Fig. 7A). We il- 
luminated the dorsal surface of the OB while 
recording from mitral cells near the ventrolateral 
OB surface, providing a lower-bound estimate 
of the change in total OB output. Light pulses 
elicited an increase in OB spiking that scaled with 
light intensity and remained elevated for the 
duration of the stimulus (Fig. 7, B to E). This 
sustained OB activation only produced a large 
initial peak in PCx population spiking that rapidly 
returned to baseline for the remainder of the light 
pulse (Fig. '7C). Although initial peak spike rate in 
the PCx increased steeply at higher light in- 
tensities (Fig. 7D), sustained population activity 
was systematically suppressed at higher stimula- 
tion intensities (Fig. 7E). As the light pulse ended, 
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the sudden drop in input from the OB produced 
a transient dip in population PCx spiking, which 
quickly returned to baseline. Thus, PCx dynam- 
ically compensates for changes in excitatory drive 
with rapid recurrent inhibition that balances ex- 
citatory input and controls gain to stabilize total 
cortical output across input intensities. These ex- 
periments also demonstrate directly that PCx 
responds robustly to the earliest-activated OB 
inputs and then suppresses its output, discount- 
ing the impact of OB inputs that arrive later. To 
reveal the role of recurrent circuits in imple- 
menting this transformation, we repeated these 
experiments in Thyl-ChR2-YFP*/~/emx1-Cre*”- 
mice with unilateral TeLC expression (Fig. 7F). 
Direct OB stimulation now drove sustained spik- 
ing in TeLC-PCx that scaled with intensity (Fig. 7, 
G to J), whereas responses recorded in contra- 
lateral hemispheres were similar to what we ob- 
served in uninfected, control PCx. 


Recurrent circuitry is required for 
concentration-invariant decoding 


Next, we asked how eliminating recurrent con- 
nectivity alters population odor coding. We per- 
formed principal components analysis (PCA) on 
single-trial population response vectors from con- 
tralateral control or TeLC-PCx recordings and 
calculated the distances between responses in 
principal component space, as before. In con- 
tralateral PCx, A conc. responses were only slightly 
more variable than repeat responses to a single 
concentration and significantly less variable than 
A odor responses (Fig. 8A), which is consistent 
with results in unperturbed PCx (Fig. 1E). A cone. 
responses in TeLC-PCx were much more variable 
than repeat responses and as variable as A odor 
responses (Fig. 8B), which is equivalent to what 
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time (s) 


time (s) 


we observed in the OB under control conditions 
(Fig. IE). Again, this result was also robust when 
computed in all-neural space (fig. S6). Last, we 
asked how and when odor information becomes 
available to a downstream observer and how this 
is altered when recurrent circuitry is removed. 
We trained and tested a linear classifier on three 
decoding tasks: classifying responses to different 
odorants, classifying responses to a single odorant 
at different concentrations, and generalizing for 
odor identity across odorant concentrations (Fig. 8, 
C to E). Input to the classifier consisted of spike 
counts for each neuron in an expanding series of 
20 ms bins starting with inhalation onset (9). De- 
coding accuracy using responses recorded from 
the contralateral control hemisphere increased 
rapidly after inhalation and remained elevated 
for the duration of the sniff when classifying re- 
sponses to different odorants or when generaliz- 
ing for odor identity; concentration decoding 
was delayed and increased more slowly over the 
full sniff. These results are consistent with our 
previous findings in control mice (J5). 
Eliminating recurrent circuitry impaired clas- 
sification of responses to different odorants, with 
decoding accuracy improving slowly but steadily 
over the duration of the sniff (Fig. 8C). This result 
suggests a more constructive role for recurrent 
circuitry in stabilizing or “completing” represen- 
tations by using partial or incomplete input, al- 
though further work is required to demonstrate 
this effect unequivocally. Concentration decoding 
performance was equivalent in control and TeLC- 
PCx (Fig. 8D). This result may seem unexpected, 
given that TeLC-PCx responses are steeply con- 
centration dependent. However, we have pre- 
viously shown that spike time information is 
required for accurate concentration decoding 


7 of 12 


8LOz ‘E| 4equiajdes uo /Hio Beweoualds‘eouelds//:djjy Wo papeojumoq 


RESEARCH | RESEARCH ARTICLE 


A : Cc laser ON 
Thy1-ChR2-YF 5 mW mm? 10mWmm2 20 mW mm? aan 
initial sustained 
40 - : 20 mw 
2 FW 250 j 
st 
See eres a z ” 
2 ° @ 207 op 
@ ' ae: ” : i 
re) ‘a 
od 
40 - 
x WN 300 ‘ — = 
gS | | | 2 
8 8 | | £ 
E 2 = ! > 204 
2 hy ar ® PCx 
a 
0 if T 1 
1S 0.5 0 0.5 1 15 
time (s) 
D a R? = 0.66 a R? = 0.002 
207 0B 257 5 0.001 E = 37 0B 27 p=083 20 
= PCx . 5 PCx < 3 
6 154 er = > 7 = 
£ ; >) e 2 of = 0 
g = 15) £ & 
© 4 S <x ¢ Ace A a e 
<x 10 ¢ 2 ‘e © + 2 a 5 
=) = 104 a ® e 
= ° = 2 317 e & 
g 5; ° S54 s ‘ i 3 | . 
£ 0) @ a 
ie} T T T 0 ; T 1 0 T : T 0 r + T 1 
ie) 10 20 0 5 10 15 ie) 10 20 0 1 2 3 4 
power (mW mm*) initial OB MUA power (mW mm*) sustained OB MUA 
laser ON 
F G ‘ : ’ _s 
= 5 mW mm? 10 mW mm? 20 mW mm? initial sustained 
405 . 20 mw 
Fy 10 = ; 
= 
So R control- 1 mw 
- £ sesh saad sate josh alAseail = 290, Pex 
= Pisha xn od oad big ci apt : 4 
Q ' 
8 \ 
Thy1-ChR2-YFP*- 04 
-crat- 
emx1-cre 40 - 
nT 
= 
5 2 ry TeLC- 
as is PCx 
t 0 
Oo 2 
onl iw 
a fe 
Pd 
0 T ag , 1 
-0.5 0 0.5 1 1.5 
1s time (s) 
[ 5) 104 R? = 0.63, p<0.001 © J Ee 27 4) pe 0.47, p<0.001 
eS R? = 0.32, p<0.001 e tat R? = 0.10, p= 0.05 
544 a 8] & + S 3 
£ + 2 2 4 S 
2 37 4 se OT re e ‘s) 
a é 6 (6) 1; @ a2 
< a 2 a ) a] 
524 é = 4 = o 3 
= ° = 8 Sy 
am = J 8,4 
$1, @ = 24 = 2 
i 2 - 
0 , . : 0 f ' 1 o 0 , : : 0 ' ' \ 1 1 
0 10 20 ie) 2 4 6 ¢) 10 20 0 1 2 3 4 iS} 
power (mW mm*) initial OB MUA power (mW mm?) sustained OB MUA 
Fig. 7. PCx truncates sustained input from OB. (A) Simultaneous Shading indicates light intensity. Light gray lines are linear fits for each OB-PCx 


OB-PCx recordings with direct optical OB activation. (Top) Experimental 
schematic. (Bottom) ChR2 expression in mitral cells. Scale bar, 100 um. 

(B) Responses from example (top) OB and (bottom) PCx cells to 1-s light pulses 
over OB. (C) Average population PSTHs for responses from experiment in (B). 
Gray shading indicates initial and sustained analysis windows. (PCx time 
constants for 20 mW light pulses; decay from peak, 18.9 + 2.0 ms; recovery 
from post-stimulus trough, 87.4 + 46.3 ms; n = 5 population recordings.) 

(D) Normalized MUA rates during initial phase (n = 5 experiments) in OB versus 
PCx. (Left) Average OB (red) and PCx (black) responses across recordings. 
MUA was normalized to baseline activity 1 s before stimulation. (Right) Each point 
is the average response of one simultaneously recorded OB-PCx response pair. 
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population pair. Black line is the linear fit to all data. (E) As in (D) but for the sustained 
phase. (F) Experimental schematic. Simultaneous OB-PCx recordings from 
TeLC-infected or contralateral control hemisphere with optical OB activation. 

(G) Example responses from cells to 1-s light pulses over OB. (H) Average 
population PSTHs for responses from experiments in (G). (BR) Normalized peak 
MUA rates during initial phase (n = 13 TeLC and 8 control experiments) in OB 
versus PCx. (Left) Average TeLC-PCx (green) and contralateral control PCx (black) 
MUA rates. (Right) Each point is the average response of one simultaneously 
recorded OB-PCx pair at one intensity. Light lines are linear fits for each TeLC 
(green) or control (gray) OB-PCx population pair. Solid lines are linear fits for all 
TeLC (green) and control (black) data. (J) As in (I) but for sustained rate. 


8 of 12 


8LOZ ‘E| 4equiajdes uo /Hio Beweoualds‘eouelds//:djjy Woy pepeojumoq 


RESEARCH | RESEARCH ARTICLE 


A contralateral control PCx B TeLC PCx 
* 
—— 17 15 
odor1 DHHH 
54 odor 2 TRGH _ a 
o J Oo J 
2 2 
os os 
a0 $8 Bs 
Ee | 2 no} 2? 
<t< 4 ta 4 
va 8 va 2 
709 6 6 
5 & £ 
5 2 ; 5 
OW z 0 04 o- 
5 5 
PC2 PCI repeat | A conc. repeat | A conc. 
A odor A odor 
Cc D . E oe . 
odorant concentration generalization across concentrations 
100, 100, odor ain test 100, 
> panel 
Dy 
= ] = _ 4 
3 | = iw 
5 (_} 
8 _| = v 
& | control PCx — = : | 
8 TeLC PCx _] = x 
= _ _ (SM i a al ol 
an tome Seen eee eer eee aX 
gs _| = x 
oL, : ol, 5 = 6 x ol, : : : 
0 O14 02 08 0 Of 02 03 a “ 0 of 02 03 
time (s) time (s) time (s) 


Fig. 8. Recurrent circuits implement concentration-invariant decoding. 
(A) (Left) PCA representation of pseudopopulation responses for 
contralateral control PCx hemispheres. (Right) Mean distance between 
population responses in PCA space normalized to A odor responses. 

A conc. responses were more similar than A odor responses in the control 
PCx (one-sample t test versus mean of 1, P = 2.03 x 107°). (B) As in (A), 
but for TeLC-PCx. A conc. responses were no more similar than A odor 
responses (P = 0.985). (C) Linear classifier performance for odorant 
decoding (choose 1 of 6 odors) using TeLC-infected (green) or contralateral 


in PCx (15). If instead we discard temporal in- 
formation by classifying using only total spike 
counts, then concentration decoding deteriorates 
in control but not TeLC-PCx, suggesting that re- 
current circuits compensate for lower gain by 
helping maintain spike time precision. Eliminating 
recurrent circuits effectively abolished the ability 
to generalize for odor identity; decoding accuracy 
increased slightly immediately after inhalation, 
but there was no subsequent improvement and, 
if anything, a small decrease in decoding accuracy 
as the sniff progressed (Fig. 8E). 

We interpret these results to indicate that cor- 
tical responses to different odors remain some- 
what distinct across the entire sniff but that only 
the earliest PCx responses convey concentration- 
invariant, identity-specific odor information. In 
control hemispheres, the relative impact of these 
early cortical responses is amplified by broadcast- 
ing their activity across PCx via long-range re- 
current collateral connections that recruit feedback 
inhibitory neurons and, consequently, rapidly 
and globally suppress subsequent cortical activity 
for the duration of the sniff. However, when 
recurrent output is blocked, the early responses 
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cannot suppress consequent activity, and so the 
PCx continues to be driven by OB inputs that 
convey decreasingly identity-specific and more 
concentration-dependent information as the 
sniff progresses (22). Ultimately, we want to 
know whether disrupting this circuitry abolishes 
concentration-invariant odor perception. How- 
ever, TeLC expression in principal neurons blocks 
transmitter release from all their synapses, which 
eliminates PCx outputs and therefore precludes 
behavioral testing. Moreover, direct silencing of 
feedback interneurons will result in regenerative 
epileptogenic activity in this highly recurrent cir- 
cuit. Therefore, development of optogenetic or 
chemogenetic effectors that can be efficiently 
targeted to defined subsets of synapses will be 
required to reveal the behavioral consequences 
of disrupting recurrent connectivity. 

We revealed an essential role for recurrent 
feedback inhibition in preserving representa- 
tions of odor identity across odorant concentra- 
tions. The combination of recurrent excitation 
and feedback inhibition implements a “temporal 
winner-take-all” filter to extract and selectively 
represent the most concentration-invariant fea- 
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control (black) PCx pseudopopulations. Classifier was trained and tested 
on spike counts in 20-ms bins in an expanding time window starting at 
odor inhalation. Pseudopopulation size in both conditions was held at 
180 cells. Mean + 95% confidence intervals from 200 permutations. 
Dashed line is chance accuracy. (D) Same as (C) for classification of 
different concentrations of the same odorant (choose 1 of 4 dilutions). 
(E) Accuracy for generalization task in which classifier is trained and 
tested on different concentrations of odors. Loss of recurrent circuits 
severely impairs odor identity recognition across concentrations. 


tures of the odor stimulus. This process empha- 
sizes the earliest and most odor-specific inputs to 
the PCx. Similar types of “first-spike” coding strat- 
egies have been identified in other sensory 
systems (43-47). Because sensory representations 
are topographically ordered in these neocortical 
sensory areas, local surround inhibition can im- 
plement this temporal filter (48, 49). However, 
odor ensembles are distributed across millimeters 
of PCx and lack any discernible topographic or- 
ganization (13, 16). Consequently, diffuse, long- 
range recurrent collateral projections that recruit 
strong feedback inhibition ensure that recurrent 
inhibition is global in the PCx (31). This global 
inhibition truncates activity, sparsens responses, 
controls cortical gain, and supports concentration- 
invariant representations of odor identity. Thus, 
although recurrent circuitry in the PCx is typically 
thought to provide the excitatory substrate for 
odor learning, memory, and olfactory pattern 
completion (50, 51), recurrent excitation has a 
net-inhibitory impact on cortical activity. Strong 
and global feedback inhibition that sparsens and 
normalizes output has been identified at the 
equivalent stage of processing in invertebrate 
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olfactory systems; however, this is implemented 
by asingle, globally connected interneuron (52, 53). 
The highly recurrent CA3 region of hippocampus 
exhibits a similar pattern of long-range recurrent 
collateral connectivity (54). Thus, recurrent excita- 
tion that is dominated by rapid, global feedback 
inhibition may reflect a canonical circuit motif for 
temporally filtering representations in associative 
cortex and related structures. 


Materials and Methods 
Subjects 


All experimental protocols were approved by 
Duke University Institutional Animal Care and 
Use Committee. The methods for head-fixation, 
data acquisition, electrode placement, stimulus 
delivery, and analysis of single-unit and popula- 
tion odor responses are adapted from those 
described in detail previously (75). A portion of 
the data reported here (5 of 13 simultaneous OB 
and PCx recordings) were also described in that 
previous report. Mice were singly-housed on a 
normal light-dark cycle. For simultaneous OB/PCx 
recordings and Cre-dependent TeLC expression 
experiments, mice were adult (>P60, 20-24 g) off- 
spring of Emai-cre (+/+) breeding pairs obtained 
from The Jackson Laboratory (005628). Opto- 
genetic experiments used adult Thyl-ChR2-YFP 
(+/+), line 18 (Thyl-COP4/EYFP, Jackson Labo- 
ratory, 007612) and VGAT-ChR2-YFP (+/—), line 8 
(Slc32aI-COP4*H134R/EYFP, Jackson Laboratory, 
014548). Adult offspring of Emx1-cre (+/+) mice 
crossed with Thyl-ChR2-YFP (+/+) mice were used 
for combined optogenetics and TeLC expression. 


Adeno-associated viral vectors 


All viruses were obtained from the vector core at 
the University of North Carolina-Chapel Hill 
(UNC Vector Core). AAV5-CBA-DIO-TeLC-GFP, 
AAV5-CBA-DIO-GFP, AAV5-efla-DIO-ChR2-EYFP 
were used for in vitro slice physiology experi- 
ments. For in vivo experiments, AAV5-DIO-TeLC- 
GFP was expressed either under control of a CBA 
(6 of 7 mice) or synapsin (1 of 7 mice) promoter. 
Effects were similar and results were pooled. TeLC 
expression throughout PCx was achieved using 
500 nL injections at three stereotaxic coordinates 
(AP, ML, DV: +1.8, 2.7, 3.85; +0.5, 3.5, 3.8; -1.5, 3.9, 
4.2; DV measured from brain surface). Recordings 
were made ~14 days post-injection. 


Immunohistochemistry 


To confirm widespread expression of TeLC in 
PCx, after recordings, mice were perfused with 
PBS followed by PFA (4%) and the brains were 
postfixed overnight. Coronal sections (50 um) 
were taken through the A-P extent of PCx and 
permeabilized with Triton (0.1%). Brains were 
incubated overnight with a primary GFP anti- 
body (Chicken Anti-GFP, Abcam, ab13970, 1:500) 
and then washed and stained overnight with a 
secondary antibody (Goat Anti-Chicken Alexa 
Fluor 488, Abcam, ab150169; 1:500) and counter 
stained (NeuroTrace 640/660, Invitrogen, N21483; 
1:400). Slices were mounted and imaged on an 
upright Zeiss 780 confocal microscope. Quanti- 
tative analyses were performed using ImageJ. 


Bolding et al., Science 361, eaat6904 (2018) 


In vitro electrophysiology and analysis 
For experiments examining viability and excit- 
ability in TeLC-infected neurons (Fig. 4, D to G), 
viruses were injected as described above. For 
experiments validating that transmitter release 
was blocked in TeLC-infected neurons (Fig. 4, A 
to C), a single injection containing a cocktail of 
150 nL AAV-EF1 a-DIO-ChR2-EYFP and either 
150 nL AAV-EF1a-DIO-ChR2-GFP or 150 nL AAV- 
CAG-DIO-GFP-TeLC was injected at a single 
site in anterior PCx. Fifteen + 2 days after virus 
injection, mice were anesthetized with isoflur- 
ane and decapitated. The cortex was quickly 
removed in ice-cold artificial CSF (aCSF). Para- 
sagittal brain slices (300 um) were cut using a 
vibrating microtome (Leica) in a solution contain- 
ing (in mM): 10 NaCl, 2.5 KCl, 0.5 CaClo, 7 MgSO,, 
1.25 NaH,PO,, 25 NaHCOs, 10 glucose, and 195 
sucrose, equilibrated with 95% O. and 5% COs. 
Slices were incubated at 34°C for 30 min in aCSF 
containing: 125 mM NaCl, 2.5 mM KCl, 1.25 mM 
NaH,PO,, 25 mM NaHCOs, 25 mM glucose, 2 mM 
CaClo, 1 mM MgClo, 2 NaPyruvate. Slices were 
then maintained at room temperature until they 
were transferred to a recording chamber on an 
upright microscope (Olympus) equipped with a 
40x objective. 

For current clamp recordings, patch electrodes 
(3-6 megohm) contained: 130 Kmethylsulfonate, 
5 mM NaCl, 10 HEPES, 12 phosphocreatine, 3 
MgATP, 0.2 NaGTP, 0.1 EGTA, 0.05 AlexaFluor 
594 cadaverine. For voltage-clamp experiments, 
electrodes contained: 130 D-Gluconic acid, 130 
CsOH, 5 mM NaCl, 10 HEPES, 12 phosphocreatine, 
3 MgATP, 0.2 NaGTP, 10 EGTA, 0.05 AlexaFluor 
594 cadaverine. Voltage- and current-clamp re- 
sponses were recorded with a Multiclamp 700B 
amplifier, filtered at 2-4 kHz, and digitized at 
10 kHz (Digidata 1440). Series resistance was 
typically ~10 megohm, always <20 megohm, and 
was compensated at 80%-95%. The bridge was 
balanced using the automated Multiclamp func- 
tion in current clamp recordings. Data were col- 
lected and analyzed off-line using AxographX 
and IGOR Pro (Wavemetrics). Junction potentials 
were not corrected. Recordings targeted pyramidal 
cells, which were visualized (CoolLED) to ensure 
that cells had pyramidal cell morphologies. 

For current clamp recordings to examine vi- 
ability and excitability, TeLC- or GFP-infected neu- 
rons were targeted using 470 nm light (CoolLED). 
In current clamp recordings, a series of 1 s. current 
pulses were stepped in 50 pA increments. To 
examine synaptic properties, we first verified that 
fluorescent cells exhibited large photocurrents in 
both ChR2-YFP/GFP- and ChR2-YFP/GFP-TeLC- 
injected slices (not shown). We then recorded in 
voltage-clamp from uninfected cells adjacent 
to the infection site. Cells were held at either - 
70 mV or +5 mV to isolate excitatory or inhibitory 
synaptic currents, respectively. Brief (1 ms) 470 nm 
pulses were delivered through the objective every 
10 s to activate ChR2* axon terminals. A concen- 
tric bipolar electrode in the lateral olfactory tract 
was used to activate synaptic inputs from OB 
(Fig. 4, E and F). The bipolar electrode was placed 
at the layer 2/3 border 226 + 17 um from the re- 
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corded cell to examine feedback inhibition (Fig. 
4G). NBQX, D-APV, and gabazine were acquired 
from Tocris. 


Head-fixation 


Mice were habituated to head-fixation and tube 
restraint for 15-30 min on each of the two days 
prior to experiments. The head post was held in 
place by two clamps attached to ThorLabs posts. 
A hinged 50 ml Falcon tube on top of a heating 
pad (FHC) supported and restrained the body in 
the head-fixed apparatus. 


Odor stimuli and delivery 


Odor stimuli were prepared and delivered as 
described previously (15). Briefly, stimuli were 
monomolecular odorants diluted in mineral oil 
and included the following: hexanal (Aldrich 
115606), ethyl butyrate (Aldrich E15701), ethyl 
acetate [Sigma-Aldrich (St. Louis, MO), 34858], 
2-hexanone [Fluka (Mexico), 02473], isoamyl ace- 
tate [Tokyo Chemical Industry (Cambridge, MA), 
A0033], and ethyl tiglate [Alfa Aesar (Haverhill, 
MA), A12029]. Odor were delivered using a cus- 
tom olfactometer controlled by MATLAB scripts. 
Normally a 1 LPM neutral air stream was directed 
to the mouse’s nose. During a trial, air was di- 
rected through one of the odor vials and the 
odorized air stream directed to exhaust for an 
equilibration period of 4s before rapid switching 
of a final valve triggered on exhalation re-directed 
odorized air to the nose and neutral air to exhaust. 
This was reversed after 1 s. Odors were presented 
every 10 s. 


Data acquisition 


Electrophysiological signals were acquired with 
32-site polytrode acute probes (A1x32-Poly3-5mm- 
25s-177, Neuronexus) through an A32-OM32 adap- 
tor (Neuronexus) connected to a Cereplex digital 
headstage (Blackrock Microsystems). A fiber-attached 
polytrode probe (A1x32-Poly3-5mm-25s-177-OA32LP, 
Neuronexus) was used for recordings from op- 
togenetically identified GABAergic cells. Unfiltered 
signals were digitized at 30 kHz at the headstage 
and recorded by a Cerebus multichannel data ac- 
quisition system (BlackRock Microsystems). Ex- 
perimental events and respiration signals were 
acquired at 2 kHz by analog inputs of the 
Cerebus system. Respiration was monitored with 
a microbridge mass airflow sensor (Honeywell 
AWM3300V) positioned directly opposite the 
animal’s nose. Negative airflow corresponds to 
inhalation and negative changes in the voltage 
of the sensor output. 


Electrode and optic fiber placement 


The recording probe was positioned in the 
anterior piriform cortex using a Patchstar Micro- 
manipulator (Scientifica). For piriform cortex 
recordings, the probe was positioned at 1.32 mm 
anterior and 3.8 mm lateral from bregma. Re- 
cordings were targeted 3.5-4 mm ventral from 
the brain surface at this position with adjustment 
according to the local field potential (LFP) and 
spiking activity monitored online. Electrode sites on 
the polytrode span 275 um along the dorsal-ventral 
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axis. The probe was lowered until a band of intense 
spiking activity covering 30-40% of electrode sites 
near the correct ventral coordinate was observed, 
reflecting the densely packed layer II of piriform 
cortex. For standard recordings, the probe was 
lowered to concentrate this activity at the center 
of the DV axis of the probe. For deep or super- 
ficial recordings, the probe was targeted such 
that strong activity was at the most ventral or 
most dorsal part of the probe respectively. For 
simultaneous ipsilateral olfactory bulb recordings, 
a micromanipulator holding the recording probe 
was set to a 10-degree angle in the coronal plane, 
targeting the ventrolateral mitral cell layer. The 
probe was initially positioned above the center of 
the olfactory bulb (4.85 AP, 0.6 ML) and then 
lowered along this angle through the dorsal mitral 
cell and granule layers until encountering a dense 
band of high-frequency activity signifying the tar- 
geted mitral cell layer, typically between 1.5 and 
2.5 mm from the bulb surface. For experiments 
driving OB cells in Thyl-ChR2-YFP mice, an optic 
fiber was positioned <500 um above the dorsal 
surface of the bulb. 


Spike sorting and 
waveform characteristics 


Individual units were isolated using Spyking- 
Circus (https://github.com/spyking-circus) (55). 
Clusters with >1% of ISIs violating the refractory 
period (< 2 ms) or appearing otherwise con- 
taminated were manually removed from the 
dataset. This criterion was relaxed to 2% in 
Thyl-ChR2-YFP recordings because these were 
short (<15 min) and had poorer overall sorting 
quality, and these results do not depend on unit 
isolation, but rather total population spiking 
activity. Pairs of units with similar waveforms 
and coordinated refractory periods in the cross- 
correlogram were combined into single clusters. 
Extracellular waveform features were characterized 
according to standard measures: peak-to-trough 
time and ratio and peak amplitude asymmetry 
(56). Unit position with respect to electrode sites 
was characterized as the average of all electrode 
site positions weighted by the wave amplitude 
on each electrode. 


Spontaneous activity and 
respiration-locking 

Spontaneous activity was assessed during inter- 
trial intervals at least 4 s after stimulus offset 
and 1 s preceding stimulus. The relationship of 
each unit’s spiking to the ongoing respiratory 
oscillation was quantified using both phase con- 
centration (x) (57) and pairwise phase consist- 
ency (PPC) (58). Each spike was assigned a phase 
by interpolation between inhalation (0 degrees) 
and exhalation (180°). Each spike was then treated 
as a unit vector and PPC was taken as the average 
of the dot products of all pairs of spikes. 


Individual and average 
cell-odor responses 


We computed smoothed kernel density functions 
(KDF) with a 10 ms Gaussian kernel (using the 
psth routine from the Chronux toolbox (59) to 
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visualize trial-averaged firing rates as a func- 
tion of time from inhalation onset and to define 
response latencies for each cell-odor pair. Multi- 
unit activity or population responses were con- 
structed by averaging these KDFs across all cells 
and odors. Peak latency was defined as the max- 
imum of the KDF within a 500-ms response win- 
dow following inhalation. Response duration was 
the full-width at half-maximum of this peak. 


Identifying VGAT+ interneurons 


To assess odor responses in identified interneurons, 
1-s light pulses were delivered just above the re- 
cording sites using a fiber-attached probe. Twenty 
pulses were delivered both before and after pre- 
sentation of the full odor stimulation series. Cells 
were labeled as laser-responsive using a Wilcoxon 
rank-sum test comparing firing rates in the 1-s 
prior to and during laser stimulation. 


Sparseness 


Lifetime and population sparseness were cal- 
culated as described previously (75, 60). 


Principal components analysis 


Principal components were computed from pseudo- 
population response vectors using the Dimen- 
sionality Reduction Toolbox (https://lvdmaaten. 
github.io/drtoolbox). Responses were spike counts 
over the first 330 ms after inhalation on each trial 
for each cell. Responses were combined across 
all cells in TeLC or control conditions to form 
pseudo-population response vectors. To compute 
PC distance, 3-dimensional Euclidean distances 
were computed for each trial pair and the aver- 
age trial-pair distance was computed for each 
stimulus. For example, the “same-odor, different 
concentration” distance for 1% ethyl butyrate is 
an average of ten 1% trials’ distances from thirty 
trials of three other concentrations (300 distances). 
Summary statistics were computed on these 
average trial-pair distances. 


Population decoding analysis 


Odor classification accuracy based on population 
responses was measured using a Euclidean dis- 
tance classifier with Leave-One-Out cross-validation. 
Responses to four distinct monomolecular odor- 
ants presented at 0.3% v/v and two more odor- 
ants presented in a concentration series at 0.03%, 
0.1%, 0.3% and 1% v/v were used as the training 
and testing data. For generalization tasks, one 
concentration was left out during training and 
testing and the classifier prediction was recoded 
as ‘correct’ if the predicted odor was of the same 
identity as the presented odor. The feature vec- 
tors were spike counts in concatenated sets 
of 20 ms bins over the first 340 ms following 
inhalation. 


Statistics 


Statistics were computed in MATLAB. Paired 
t tests were used when comparing the same 
animals, cells, or cell-odor pairs across states. 
Unpaired ¢ tests and two-sample Kolmogorov- 
Smirnov tests were used when comparing prop- 
erties for distinct cell-odor pairs. Sample sizes 
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were large such that ¢ tests were robust to non- 
normality. Results were equivalent with non- 
parametric tests. No formal a priori sample size 
calculation was performed, but our sample sizes 
are similar to those used in previous studies. 
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A tailless aerial robotic flapper 
reveals that flies use torque coupling 
in rapid banked turns 


Matéj Karasek’*, Florian T. Muijres”, Christophe De Waster’, 


Bart D. W. Remes’, Guido C. H. E. de Croon’ 


Insects are among the most agile natural flyers. Hypotheses on their flight control 

cannot always be validated by experiments with animals or tethered robots. To this end, 

we developed a programmable and agile autonomous free-flying robot controlled through 
bio-inspired motion changes of its flapping wings. Despite being 55 times the size of a 

fruit fly, the robot can accurately mimic the rapid escape maneuvers of flies, including 

a correcting yaw rotation toward the escape heading. Because the robot’s yaw control 

was turned off, we showed that these yaw rotations result from passive, translation-induced 
aerodynamic coupling between the yaw torque and the roll and pitch torques produced 
throughout the maneuver. The robot enables new methods for studying animal flight, and 
its flight characteristics allow for real-world flight missions. 


lying insects demonstrate extraordinary 

agility when they reject wind gusts (J), 

catch prey (2), or evade a human hand 

trying to swat them (3). Such aerobatic 

feats, enabled by unsteady aerodynamics 
(4, 5), require both quick and precise reactions 
of their neural sensory-motoric control system 
(6). Research into the underlying mechanisms 
typically involves in vivo observations of flight 
maneuvers, usually via high-speed cameras, and 
has yielded hypotheses on possible control strat- 
egies during maneuvers such as saccades (7), 
evasive maneuvers (3), or aerial tumble recovery 
(8). These hypotheses are currently being tested 
using theoretical modeling (8) or tethered, dy- 
namically scaled robots (9). However, such tests 
are incomplete; existing theoretical models lack 
sufficient fidelity, and tethered robots cannot 
model the full movement dynamics experienced 
during free flight. 

Lately, many bio-inspired robotic platforms 
have been developed that try to mimic the flap- 
ping flight of hummingbirds (0, 11), bats (72), 
beetles (13), and even flies (74). Unlike traditional 
fixed-wing and rotary-wing robots, which differ 
greatly from flying animals and thus experience 
different flight dynamics, flapping-wing vehicles 
could be used to test existing hypotheses on 
animal flight control through systematic and 
programmable experiments with known internal 
processes (15, 16). Nonetheless, because of tech- 
nological challenges arising from stringent weight 
and size restrictions, most existing designs cannot 
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match the flight performance of their biological 
counterparts; they lack the necessary agility, suf- 
ficient power to take off, or sufficient energy to 
fly for more than a minute. The state-of-the-art 
Nano Hummingbird (10) and Robobee (74) come 
close in terms of performance and autonomous 
flight control, respectively. However, the Nano 
Hummingbird must be manually operated by a 
trained human pilot and thus cannot fly auton- 
omously (10), whereas the fly-sized Robobee is 
tethered to an off-board power supply, which 
limits its maneuvering capabilities (74). 

Here, we present a fully programmable auton- 
omous and freely flying insect-inspired robot 
that is agile both around hover and in fast for- 
ward flight (Fig. 1). The robot is tailless, and thus, 
as in flies (5, 8), position and orientation in space 
are controlled solely through wing motion adjust- 
ments. When designing the robot, we built upon 
the reliable flapping mechanisms with flexible 
wings found in (17). Two wings on each side of 
the robot flap in counterphase and clap and peel 
with each other to enhance the produced thrust 
(movie S1), inspired by the clap-and-fling mecha- 
nism observed in nature during thrust-demanding 
tasks (4). The size, wing morphology, and wing 
kinematics of our robot do not mimic any spe- 
cific natural flyer but were instead optimized for 
maximal power efficiency when driven by min- 
iature brushless DC motors, an engineering alter- 
native to the powerful animal flight muscles. The 
resulting 28.2-g robot has a wingspan of 33 cm 
(Fig. 1A); its 14-cm-long wings have a flapping 
frequency of approximately 17 Hz in hover. The 
power efficiency of our robot enables a flight en- 
durance of 5 min in hover, or a flight range of 
more than 1km, on a single battery charge. These 
performance characteristics allow for a wide 
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variety of (automated) experiments and even 
real-world missions. 

To control its orientation, the robot produces 
torques around the three orthogonal body axes 
via bio-inspired adjustments of the wingbeat 
pattern (Fig. 1, H to J). As in fruit flies (5, 8), yaw 
torque is produced by changing the wing root 
angle such that the (wingbeat-average) thrust 
vectors of the left and right wing(s) are tilted in 
opposite directions (Fig. 1, E and H). Pitch torques 
are generated by adjusting the dihedral angle 
(center line of the flapping wings), which, as in 
fruit flies (5), shifts the wing thrust vectors rel- 
ative to the center of mass (CoM) (Fig. 1, F and I). 
Roll torques are produced by generating a thrust 
difference between the left and right wing (pair). 
Flies have a coupled wingbeat actuation system 
and achieve this using asymmetric stroke ampli- 
tude adjustments (5), whereas our robot adjusts 
stroke frequencies (Fig. 1, G and J). Finally, sym- 
metric flapping frequency variation is used for 
modulation of thrust magnitude. The resulting 
control torques and thrust have high magnitude 
(figs. S1 and S2), high bandwidth (fig. S3), and 
very little coupling (figs. S3 to S5) and are min- 
imally sensitive to the vertical location of the 
CoM (fig. $5, E and F) (78). 

Tailless flapping flight is unstable near hover 
(19), and thus the robot needs to actively sta- 
bilize its attitude (orientation in space). To this 
end, it carries a miniature 2.8-g autopilot (20) 
equipped with a programmable microcomputer 
and sensors for attitude estimation (/8)—that is, 
a three-axis gyroscope and accelerometer (fig. 
S6). Attitude control (fig. S7) uses the estimated 
attitude as well as the body rotation rate signals 
from the gyroscopes (78) and is in many respects 
comparable to the haltere-based proportional- 
integral (PI) controller suggested to be used by fruit 
flies (5, 8). Apart from remotely piloted operation, 
the autopilot allows execution of preprogrammed 
control sequences triggered by the pilot. 

Similar to many flying insects (3, 5), the robot 
can actively control four degrees of freedom (DOFs): 
roll, pitch, yaw, and thrust. To enable movement in 
a six-DOF space, translation control follows the 
helicopter model, whereby forward/backward flight 
speed is controlled via body pitch (Fig. 1C and 
movie S2) and sideways flight is achieved by roll- 
ing the body left or right (Fig. 1D and movie S3). 
The robot can perform stationary hovering flight 
and move in any direction with rapid, yet smooth 
and reproducible transitions (figs. S9 to S12 and 
movie S4). In forward flight, the highest power 
efficiency is achieved around 3 m/s; applying full 
power results in the maximal speed of 7 m/s. The 
maximal sideways speed is 4 m/s. 

The key property of interest here is the robot’s 
agility, which is exceptional for a flapping-wing 
robot and approaches that of rotorcraft robots 
(21). It can perform 360° roll and pitch flips, 
during which it reaches angular accelerations 
of up to about 5000° s® (figs. S13 and S14 and 
movies S5 and S6). Its maximal thrust-to-weight 
ratio of 1.3 allows for quick climbs, although it 
remains inferior to the best natural fliers with 
thrust-to-weight ratios of =2 (3). 
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Despite the large variation in size, mass, 
wing kinematics, and wing morphology among 
flapping-wing fliers, they all experience the same 
type of passive aerodynamic damping, termed 
flapping countertorque and flapping counter- 
force (22), and thus their flight dynamics share 
similar characteristics (19). We can thus use the 
robot to study maneuver dynamics and control 
in a wide range of flying animals, from hum- 
mingbirds to tiny two-winged fruit flies. To dem- 
onstrate this potential for animal flight research, 
we programmed the robot to mimic the rapid 
banked turns observed in fruit flies when evading 
predators (movie $7) (3). 

It has been hypothesized that these evasive 
maneuvers consist of two distinct phases (3, 5). 
The first phase is simply a feedforward program 
triggered by the visually detected threat, whereby 
the fly produces a combined roll and pitch rota- 
tion, with the ratio of pitch rate to roll rate (g/p) 
defining the turn angle. The second recovery 
phase is controlled using sensory feedback pro- 


Right wing-pair 
flapping mechanism 


Wing root angle control 


Fig. 1. An insect-inspired free-flying robotic platform is controlled 
through its two pairs of independently flapping wings. (A) Description 

of the robot's components. (B to D) High-speed camera frames capturing the 
robot in hover (B), forward flight (C), and sideways flight (D), from movies S1 
to S3, respectively. (E to G) Details of the robot design: (E) the wing root 
adjustment mechanism for yaw torque control, (F) the dihedral control 
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flapping mechanism 


ib tio 


Dihedral angle control 


vided by the halteres. It has also been hypothe- 
sized that fruit flies do not control body yaw 
throughout the evasive maneuver, but instead 
control for the sideslip caused by the maneuver 
after the turn, possibly by using much slower 
visual feedback (3, 5, 9). 

We tested these two hypotheses by reproduc- 
ing a range of evasive maneuvers described in fruit 
flies. These maneuvers were preprogrammed and 
fully autonomous to ensure that the control inputs 
were always the same. The initial phase of a ma- 
neuver was controlled using an open-loop com- 
bination of pitch and roll torque commands (18). 
For the recovery phase, we used feedback control of 
roll and pitch, whereas yaw control was turned off. 

In our first set of experiments, we performed 
two evasive maneuvers initiated with different 
q/p values (measured at the end of the open- 
loop phase), the first dominated by rolling (g/p = 
0.52; Fig. 2A and fig. S15), and the second domi- 
nated by pitching (g/p = 1.67; Fig. 2C and fig. S16). 
Despite substantial differences between our four- 
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H Yaw control 
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winged robot and the much smaller two-winged 
fruit fly, the robotic maneuvers resembled those 
observed in fruit flies remarkably well (Fig. 2, A 
to D, and movies S8 and S9). To enable quanti- 
tative comparison of the fruit fly and robot ma- 
neuvers, we normalized distances by wing length 
and time according to wingbeat-cycle period 
(flies) and half-wingbeat-cycle period (robot) (figs. 
S17 and S18) (78) and determined the Pearson 
correlation coefficient c, and normalized root 
mean square error (RMSE) between the normal- 
ized robot and fruit fly data (table S5). For both 
maneuvers (Fig. 2, A to D), we found high cor- 
relations and low RMSE (table S5), further high- 
lighting the similarity. 

Detailed analysis of a 90° turn initiated with 
94% of the maximal pitch torque and 74% of the 
maximal roll torque (q/p = 0.54) (Fig. 2, Eto I, fig. 
$19, and movie S10) shows that at the apex of the 
turn, an extreme body attitude of ~100° in roll is 
reached, which is comparable to the equivalent 
attitudes observed in fruit flies (Fig. 2B) (3). In 


yaw. 
torque ; 


mechanism for pitch torque control, and (G) the flapping mechanism (of 
the left wing pair), used for thrust and roll torque control. (H to J) Wing 
actuation and aerodynamic forces and torques during yaw control (H), pitch 
control (I), and roll control (J). Magenta arrows show actuation action, gray 
arrows show the nominal wingbeat-average aerodynamic thrust vectors, and 
red arrows show wingbeat-average thrust and torques after control actuation. 
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the subsequent feedback phase, the transition 
between the positive and negative acceleration 
peaks (difference of 9000° s~”) took fewer than 
three wingbeats (~0.18 s) while closely following 
the wing actuation that generates the body- 
accelerating torques (Fig. 2, G to I). 

These results confirm that a rapid banked turn 
can be successfully achieved with an open-loop 
maneuver initiation and closed-loop recovery. 
Hence, they support the hypothesis that the re- 
covery phase of the evasive maneuver in fruit flies 


Fig. 2. The robot 
mimics rapid banked 
turns observed in 
escaping fruit flies. 
(A and C) Time 
sequences (top view) 
of a roll-dominated 
maneuver (pitch rate/ 
roll rate ratio q/p = 
0.52) and a pitch- 
dominated maneuver 
(q/p = 1.67), respec- 
tively. The start of the 
open-loop (OL) phase 
is marked with a E 
green circle. (B and 

D) Time sequences 

(top view) of the 
equivalent fruit fly 

evasive maneuvers 

with the stimulus 

(green arrowhead) 
coming from the left 

and the front, respec- 
tively. (E to 1) Detailed 
analysis of a roll- 
dominated maneuver 

(q/p = 0.54). (E) Time 
sequence with con- 

stant time interval of 
0.125 s; trajectory 
projections are shown 

by dotted lines. Wings 

are color-coded 

according to thrust 
command magnitude, 

as shown in the color 

bar. [(F) to (1)] Time 
histories of roll 

command (F), roll F 
acceleration and 

flapping frequency of 

the right wing pair (G), 
pitch command (H), 

and pitch acceleration 

and dihedral angle (I). 

In (A) to (E), blue and 
magenta arrows rep- 
resent velocity and 
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0.16s 
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is also controlled using a PI-like roll and pitch 
control system, whereby halteres might provide 
the sensory input (3, 5). 

To systematically test the relation between 
q/p and turn angle, we performed evasive ma- 
neuvers at five combinations of roll and pitch 
torque commands, varying g/p from ~0.3 to ~2.1 
(Fig. 3 and figs. S20 and $21) (78). As shown in 
Fig. 3A, g/p had a clear effect on the flight tra- 
jectory, and in agreement with fruit flies, g/p was 
positively correlated with turn angle (c¢, = 0.95; 


At = 0.125s 
= 2.1 wingbeats 


80 % 100 % 


wingbeats (-) 23 4 


25 
20 
15 


pitch acc. 


acceleration vectors, 
respectively; vectors 0 
(arrow lengths) are 
relative to the black 


right w. freq. 
(Hz) 


10 
0.5 1 


time (s) 


Fig. 3F), whereby turns with dominant pitch rates 
resulted in larger turn angles. 

In agreement with the fruit fly experiments 
(3), we also observed high yaw rates in the direc- 
tion of the turn during the recovery phase (Fig. 
3D). Because no yaw command was provided 
during the robot maneuvers, these yaw move- 
ments were thus passively induced (Fig. 1). 

For the robot as well as the fruit flies, the 
observed yaw accelerations 7 correlated strongly 
with the roll accelerations p and, particularly for 
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scale bars in (A) and (E) for the robot and in (B) for flies. The OL phase in (F) to (I) is highlighted by gray background. 
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Fig. 3. The turn 

angle during the A 
banked turn can be 
controlled by vary- 

ing the ratio of pitch 

to roll torque 

commands. Results -0.1 + 
are color-coded [see 

key in (A)] according 

to the q/p ratio of the 
maneuver; thin lines = 
are individual trials S 
and thick lines are > 


== 


series averages. 

A) Top view of tra- 
jectories, aligned at 
the start of the OL 


=———=q/p 2.06 
=== q/p 1.34 
=——=q/p 0.84 
=== q/p 0.50 
=== q/p 0.35 


D 


phase (t = Os) where 
the robot is shown. 
B to D) Time histo- 


ries of angular rates 
during the ma- 
neuvers. The OL phase 
is highlighted by 
gray background. 

E) Angular rate 
vector in the horizon- 
tal body plane, relative : 
to the forward- 
directed black arrow. 
(F and G) Turn 

angle and turn rate 
versus q/p, respec- 
tively, for individual 


(i4y.™ 
S 


aS 
j=) 
oO 
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the sharper turns (high g/p), also with the pitch 
accelerations g (Fig. 4, A and B). Moreover, the 
largest yaw accelerations were observed in the 
recovery phase, where both the robot and the flies 
move at relatively high forward and sideways 
flight velocities (fig. S22). 

On the basis of these observations, and thanks 
to the simple wing kinematics of the robot (where 
roll torque and pitch torque are each modulated 
by only one parameter), we were able to develop a 
functional aerodynamic yaw torque model that 
explains the observed yaw accelerations in the 
robot maneuvers (Fig. 4, D to H, and fig. S23) (78): 


N =~ = -bOR|[(f, +fa)Rr + (fi 


a Sr)u 


+ (fA. + frye] (1) 


where JV is yaw torque; 7 is yaw acceleration; J... is 
the moment of inertia around the vertical body 
axis; b is the linear damping coefficient due to 
flapping counterforce (22); ® is flapping ampli- 
tude; R is wing length; f, and fp are flapping fre- 
quency of the left and the right wing, respectively; 
ris yaw rate; wand v are the forward and sideways 
velocity of the robot, respectively; and I is the 
wing dihedral angle. 

The first term, -b®R( jf, + fg)R7, represents the 
flapping countertorque (Vcr), which is by def- 
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inition opposite to the direction of yaw rate (Fig. 
4F) (22) and thus cannot explain the observed 
yaw accelerations. The two remaining terms are 
our addition to the passive yaw-torque system for 
flapping flight, which we call translation-induced 
coupled yaw torque (Vcr), as it models the 
coupling effect of roll and pitch torque produc- 
tion on yaw torque in the presence of translating 
body motions (Vrcr = Nuseron + Nogpitcns Fig. 4, G 
and H). Thus, in the presence of a forward velocity 
u, the differential flapping frequency (fi, —fg) used 
for roll torque production also results in a yaw 
torque (Narn; Fig. 4G). Similarly, in the presence 
of a sideways velocity v, the dihedral angle I used 
for pitch torque production equally generates a 
yaw torque (Nygpitcn} Fig. 4H). In steady hover 
conditions, such coupling is negligible (fig. S4). 

Despite its low complexity, this model accu- 
rately estimates the observed yaw acceleration in 
both roll-dominated and pitch-dominated banked 
turn maneuvers [Fig. 4, D and E; c, = 0.73 + 0.30 
(mean + SD) for the five sets of trials in fig. S24 
and table S6]. Notably, the model predicts the 
same coupling effects when differential flapping 
amplitudes are used for roll torque production 
(eqs. S10 to S14 and fig. S23), which is what many 
biological fliers as well as other aerial robotic 
flappers use. 
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Because fruit fly wing motion patterns are 
highly complex, we were unable to adapt the 
model for fruit flies, where multiple degrees of 
freedom are involved in generating roll and pitch 
torques. For the fruit fly maneuvers, we estimated 
yaw accelerations resulting from translation- 
induced coupled yaw torque as the measured 
acceleration minus the accelerations caused by 
flapping countertorque (eq. S19). Relative to 
our initial yaw-pitch and yaw-roll correlations 
(Fig. 4B), these flapping countertorque-corrected 
yaw accelerations 77cr correlate even better with 
the product of roll acceleration and forward 
velocity, as well as with the product of pitch 
acceleration and sideways velocity (Fig. 4C); 
these findings suggest that translation-induced 
coupled yaw torque is also present in the fruit 
fly maneuvers. 

Together with the high similarity between the 
turn dynamics of the robot and of the fruit flies 
(fig. S22), these results provide strong support for 
the hypothesis that fruit flies do not actively con- 
trol yaw throughout evasive maneuvers (3, 5), 
but instead use the translation-induced coupled 
yaw torque (Eq. 1) to rotate their body in the 
direction of the banked turn. Given that many 
maneuvers of flying animals occur at nonzero 
translational velocities (2-4, 7, 22-24), the passive 
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Fig. 4. The passive yaw accelerations during the recovery phase of 
banked turns originate from the coupling between the roll and pitch 
torque generation mechanisms and translational body motions. 

(A and B) Correlation coefficient between the yaw acceleration and the roll 
(solid) and pitch (dashed) accelerations at various pitch-to-roll rate ratios 
q/p for rapid banked turns produced by the robot (A) and for evasive 
maneuvers produced by fruit flies (B). (©) Correlation coefficients for the 
same evasive maneuvers of fruit flies, after correcting for the flapping 
countertorque and including the translational body velocities. (D and 

E) Measured (black) and modeled (red) yaw accelerations during the 


torque coupling we have identified might be more 
widespread among natural flyers. 

Despite the observed yaw accelerations, high 
sideslips remained at the end of the turns for 
both the robot and the flies (Fig. 2, A to D, and 
figs. S17, S18, and $22). In a separate set of robot 
experiments, we were able to completely remove 
this sideslip by producing feedforward maximum 
yaw torque throughout the recovery phase, but 
this body alignment did not increase the speed 
of the turn (figs. S25 and $26). Hence, producing 
such precisely timed and thus complex feed- 
forward yaw command throughout the turn 
might not enable flies to increase evasive perform- 
ance. This might be one of the reasons why flies 
prefer to rely on passive alignment throughout 
the turn and fully align their body actively only 
after the turn, possibly using a simpler feedback 
controller based on visual information (3, 5). 
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Organic and solution-processed 
tandem solar cells with 


17.3% efficiency 


Lingxian Meng’, Yamin Zhang", Xiangjian Wan", Chenxi Li’, Xin Zhang’, 
Yanbo Wang’, Xin Ke’, Zuo Xiao”, Liming Ding?*, Ruoxi Xia*, Hin-Lap Yip*, 


Yong Cao’, Yongsheng Chen™* 


Although organic photovoltaic (OPV) cells have many advantages, their performance 

still lags far behind that of other photovoltaic platforms. A fundamental reason for their 
low performance is the low charge mobility of organic materials, leading to a limit on the 
active-layer thickness and efficient light absorption. In this work, guided by a semi- 
empirical model analysis and using the tandem cell strategy to overcome such issues, and 
taking advantage of the high diversity and easily tunable band structure of organic 
materials, a record and certified 17.29% power conversion efficiency for a two-terminal 
monolithic solution-processed tandem OPV is achieved. 


rganic photovoltaics (OPV) is considered to 

be a promising choice for next-generation 

technology platforms to address the in- 

creasing demands for renewable energy, 

owing to its many advantages such as 
low cost, flexibility, and large-area printing pro- 
duction (7-3). Indeed, there has been substan- 
tial improvement in the performance of OPV 
cells in the past decade, and the record power 
conversion efficiency (PCE) has been raised from 
~5% to a current value of 14% (3, 4). However, 
the performance of OPV cells still lags far be- 
hind that of other photovoltaic platforms based 
mainly on inorganic materials (2, 5, 6). This has 
led to the impression that OPV cells have a lower 
performance limit than inorganic material-based 
devices. A fundamental reason for this is the low 
charge mobility of organic materials (7, 8), which 
limits the active-layer thickness of the devices and 
efficient sunlight absorption. 

The tandem cell strategy is an effective way to 
simultaneously address these issues for OPV 
cells (9, 10), and furthermore, is probably well 
suited for OPV (71-15). First, the use of tandem 
cells would overcome the thickness constraint 
of single-junction cells due to the low mobility 
of organic materials because wide and efficient 
absorption could be achieved by stacking the 
active layers with complementary absorption in 
tandem cells. Moreover, tandem cells can take 
advantage of one of the most important features 
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of organic materials, i.e., their great diversity 
(16, 17). This is because in tandem cells, active 
organic materials in each subcell require dif- 
ferent but matching band structures, and such 
materials could in principle be designed and 
obtained owing to the high diversity, easily tun- 
able band structures, and advanced synthesis 
of currently available organic materials (18). In 
addition, benefiting from this, the thermaliza- 
tion and transmission loss can be reduced in the 
tandem cells (19). Indeed, tandem cells have also 
been pursued widely for OPV, and ~14% PCE has 
been achieved (77), which is about the same as 
that obtained for the record single-junction cell 
(4). The limited performance of organic tandem 
cells is primarily due to their limited sunlight 
absorption range owing to the lack of optimal 
low-bandgap materials for use in the rear subcell, 
as most such materials can only absorb photons 
with an energy of ~1.3 eV (~900 nm) (JJ, 14, 20) 
and thus are missing a large part of the entire 
sunlight spectrum absorption. Another impor- 
tant reason is the limited tandem cell current 
owing to the absorption overlapping and/or cur- 
rent mismatching of subcells. With the above 
analysis and guided by a semi-empirical analysis, 
we report a solution-processed two-terminal 
(2T) monolithic tandem OPV cell with a new 
record PCE of 17.36%. 

On the basis of previous theoretical work 
(9, 21, 22) and state-of-the art experimental re- 
sults (3, 11, 14), we first have carried out a semi- 
empirical analysis for the possible but realistic 
PCE limit of 2T tandem OPV cells under Air 
Mass 1.5 Global (AM 1.5G) (details are provided 
in the supplementary materials and figs. S1 to 
S3). Briefly, in this model analysis, above the basic 
assumption for the Shockley-Queisser (SQ) limit 
analysis (21), the achievable PCEs (= Jee X Voc x 
FF/Pin, Where Js. is the short-circuit current 
density, V,, is the open-circuit voltage, FF is the 
fill factor, and P;,, is the power density of the 
incident light) are obtained using the following 
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approaches: (i) the J,. is assumed to be half of 
the theoretical current in the entire absorption 
range multiplied by a given external quantum 
efficiency (EQE) value; (ii) the V,, is the sum of 
each subcell’s voltage, while the voltage of each 
subcell is determined by the equation eVo_ = Es - 
Ejoss, Where Ey (=1240/Aonset) is the optical en- 
ergy gap of the active layers (23), Ejos, is the 
energy loss, e is the elementary charge, and 
Aonset iS the absorption onset of the active lay- 
ers; (iii) the FF is assumed to be the state-of-the- 
art value. Based on these considerations, figs. S2 
and S3 give the predicted achievable PCEs of 2T 
tandem cells for absorption onset (Aonset) from 
900 to 1200 nm, EQE in the range of 65 to 85%, 
joss in the range of 0.4 to 0.8 eV, and FF in the 
range of 0.65 to 0.80. These ranges represent 
the most likely achievable ones based on the 
state-of-the-art results (3, 4, 24-27), particularly 
when considering the wide diversity of organic/ 
polymeric materials, including the recent devel- 
opment of small molecules/oligomer acceptor- 
donor-acceptor (A-D-A)-type donors (14, 28, 29) 
and acceptors (3, 16). Extracted from these model 
results and as one example, Fig. 1A shows the 
achievable PCEs (14 to 28%) of the 2T tandem 
cells versus Aonset (corresponding to E,) of the 
rear-cell active layer, E,,;;, and EQE, at a fixed 
FF of 0.75. Furthermore, as shown in Fig. 1B, a 
PCE of ~20% could be achieved if the Aonset, rear cell 
is <1100 nm with an average EQE of 75%, a FF 
of 0.75, and a typical E,,,, of 0.6 eV, which is 
consistent with other theoretical analysis (J6). 
From the model results shown in Fig. 1, C and 
D, and fig. S3, Eios; seems to have a bigger im- 
pact on the PCEs. Also, with F,,,, increasing, the 
absorption onset of the rear cell (Acnset, rear cell) 
with the maximum PCE has a tendency to blue- 
shift (Fig. 1, C and D) (details in the supple- 
mentary materials). These modeling results also 
indicate that the optimum Aonset, rear cells L€., the 
E,, of the rear subcell active layer, is somewhat 
smaller than the optimum one from the SQ limit 
studies (of ~1127 nm) (9), probably owing to the 
large Ejoss Of OPV (30). 

On the basis of the model analysis presented 
above, we discuss the screening of materials for 
use in tandem solar cells. For high-performance 
2T tandem cells, various materials with wide 
and suitable bandgaps have been chosen for use 
in the front subcell (/6). Critically, the first step 
is to choose suitable or optimal rear-subcell ac- 
tive materials with an infrared absorption onset 
up to 1050 to 1150 nm, based on the results shown 
in Fig. 1, B and C. This seemingly straightforward 
task has actually proved challenging, as a re- 
view of the literature (J0, 20) and our previous 
work (14) indicates that donor materials reported 
to date with absorption onset around 1100 nm 
essentially all suffer from large E,,;,, and only 
a few showed high J,, suitable for rear cells (10). 
Adding to this challenge is that the performance 
of these materials should also have an optimal FF 
and EQE in their single-junction cell evaluation. 
Fortunately, recent emerging nonfullerene mol- 
ecules offer another optimal choice of rear-cell 
active materials owing to the widely tunable band 
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structure of these A-D-A structures (3, 16). After 
careful evaluation, we have found that the non- 
fullerene acceptor molecule CO,8DFIC (also called 
O6T-4F, Fig. 2A) roughly meets these requirements 
(4, 31), as it has an infrared absorption onset of 
~1050 nm (optical bandgap E, 1.20 eV) and, when 
blended with PTB7-Th as donor and PC;,BM as 
the secondary acceptor (Fig. 2A and B) (4), a 
single-junction device based on it exhibited a high 
J. with an EQE >70% in the infrared absorption 
range, a FF of 69.7%, and a low Ejos; of 0.51 eV. 

Following the choice of rear-cell material, the 
next step is to find matching front subcell mate- 
rials. From the above analysis, the maximum cur- 
rent achievable up to 1050 nm is ~31 mA/cm?, 
assuming an EQE of 75% (fig. S1). With the re- 
quirement that both subcells must have the same 
current governed by the Kirchhoffs law to achieve 
optimal performance for a 2T tandem cell (22), 
the predicted best current of such a tandem cell 
should be ~15.5 mA/cm”. A simple check of the 


theoretical current versus wavelength plot (fig. S1) 
indicates that the absorption onset of the front 
cell should be at ~720 nm. On the basis of these 
analyses, the front-cell active layer was selected to 
use PBDB-T as the donor and F-M as the acceptor 
(Fig. 2A and figs. S4: to S7) (32), as this active-layer 
mixture exhibits not only an absorption onset 
close to 720 nm, but also an optimal current of 
~16 mA/cm” and a high EQE (average ~'70% in the 
range of 300 to 750 nm), FF (69.8%), etc. in their 
single-junction device evaluation discussed below. 
The performance of the each subcell was first 
studied and optimized using the inverted struc- 
tures (see supplementary materials for details). 
The current density-voltage (J-V) curves of the 
optimized single-junction devices are shown in 
Fig. 2C, with the performance parameters detailed 
in table S1. The single-junction device for the front 
cell based on the selected active material of PBDB- 
T:F-M has a high EQE response in the range 
of 300 to 750 nm (Fig. 2D), giving a current of 


15.96 mA/cm”, together with a high V,, of ~0.94 V 
and a FF of 69.8%. The performance of this in- 
verted device is slightly different from that of the 
regular device (32), and the F,,,, for this single- 
junction cell is 0.71 eV. The optimal J,, is close to 
the value predicted for the front subcell required 
in the best tandem cell (details in tables S2 to S6). 
However, the optimized single-junction devices 
using PTB7-Th:O6T-4F:PC,BM for the rear unit 
gave a high current of 27.98 mA/cm? in the range 
from 300 to 1050 nm with a V,, of 0.69 V, a FF of 
69.7%, and a rather low E,,,, of 0.51 eV, similar to 
that seen in the literature (4). Although the device 
showed a broad EQE response from 300 to 
1050 nm (Fig. 2D), it has an integrated current of 
only 11.2 mA/cm? in the range of 720 to 1050 nm 
desired for the rear cell, lower than the best 
required current of 15.5 mA/cm? predicted above 
assuming a clear cut-off absorption for the rear 
subunit at 720 nm. The single-junction device 
using the pair of PTB7-Th:O6T-4F without PC;,BM 
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Fig. 1. Predicted PCEs of 2T tandem solar cells based on semi-empirical 
analysis under AM 1.5G. (A) PCEs versus EQE and Adonset, rear cell» AS 
suming Ejos, of each subcell in the range of 0.4 to 0.8 eV and a 

fixed FF of 0.75. (B) PCEs versus EQE and Aonset, rear cell, ASSUMING Ejoss 
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and FF of 0.75. 
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of 0.6 eV and FF of 0.75. (©) PCEs versus Aonset, rear cel! With Ejoss Of 0.4, 
0.5, 0.6, 0.66, 0.7, 0.76, and 0.8 eV, FF of 0.75, and EQE of 75%. 
(D) PCEs versus Ejgosg AN Acnset, rear cei! With assumed EQE of 75% 
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Fig. 2. Molecular structures and photovoltaic performance of 

the single-junction devices. (A) Molecular structures of PBDB-T, 
F-M, PTB7-Th, O6T-4F, and PC7,BM. (B) Normalized absorption spectra 
of PBDB-T:F-M and PTB7-Th:O6T-4F:PC7,BM films. (©) J-V curves and 


was also tested, but it gave an even lower cur- 
rent (31), as discussed below and in table S1. 

After subcell optimization, the inverted tan- 
dem cells were fabricated using solution process- 
ing, and the detailed optimal results are shown 
in tables S7 to S13. The tandem cell architecture 
and corresponding energy diagram are presented 
in Fig. 3, A and B. 

Before the tandem cell optimization, optical 
simulation modeling using the transfer matrix 
method (33) was conducted to develop guide- 
lines for the selection of optimal thicknesses 
of the subcells, because one of the biggest chal- 
lenges in fabricating efficient 2T tandem cells is 
obtaining a high balanced J,,. Figure 3C dis- 
plays the simulation results of the dependence 
of tandem cell J,. versus the thicknesses of the 
two active layers. On the basis of the optical 
simulation, the best J,. would be achieved with 
thicknesses of the optimized front and rear 
subcell active layers of ~200 and ~120 nm, re- 
spectively. The detailed photovoltaic results for 
difference thicknesses of subcells are summa- 
rized in Table 1 and fig. S8 and discussed in the 
supplementary materials. The tandem cells all 
showed a V,, of ~1.64 V, approximately equal 
to the sum of the individual V,,’s of the subcells, 
indicating an optimal interconnecting layer with 
good ohmic contact (20), whereas the J,, and FF 
depended on the thickness of the subcells. Over- 
all, the devices all showed excellent performance 
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MoO3/Ag. 


with PCEs above 15%. As shown in Fig. 3D and 
Table 1, the optimized 2T tandem cells gave a PCE 
of 17.36%, with a V,, of 1.642 V, Ja. of 14.35 mA/cm’, 
and FF of 73.7%, verified by the National Center 
of Supervision and Inspection on Solar Photo- 
voltaic Products Quality of China (CPVT) with a 
measured PCE value of 17.29% (fig. S9). It is worth 
noting that the optimized tandem cell perform- 
ance is well reproduced with a standard devia- 
tion (SD) of 0.29% of PCEs based on >50 devices 
with an average value of 16.89%, which is close to 
the best result (17.36%) (fig. S10). 

The EQE of the tandem cell was measured fol- 
lowing the protocol proposed in (34), and the re- 
sults (Fig. 3E) show high values with an average of 
72% in the absorption range from 300 to 1000 nm. 
The front cell showed a high EQE response in the 
range of 300 to 720 nm with a maximum EQE 
value of 76% at ~ 560 nm. The rear subcell ab- 
sorbs mainly the low-energy photons (from ~720 
to 1050 nm) with a strong EQE response of ~’70% 
in the range of 740 to 940 nm, and the rear cell 
gave an integrated J,. of 14.19 mA/cm?, which 
closely matches the integrated Jo (14.20 mA/cm?) 
of the front cell. The high and balanced J,, of the 
two subcells is attributed to their complementary 
absorptions and high-efficiency photoresponse. 
The tandem cells without the secondary acceptor 
PC,,BM in the rear cell were also studied but gave 
PCEs below 16%, owing to the relatively low cur- 
rent and FF, which is probably caused by the 
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(D) EQE curves of the single-junction devices based on PBDB-T:F-M 
and PTB7-Th:O6T-4F:PC7,BM with an architecture of 
ITO/ZnO/PFN-Br/active layer/M-PEDOT/Ag and ITO/ZnO/ active layer/ 


weaker absorption and lower EQE values in the 
range of 900 to 1050 nm (fig. S11). This is con- 
sistent with earlier results (4, 32) and probably 
due to the morphology difference in the active 
layer caused by adding PC;,BM (see details in 
the supplementary materials). 

The optimal J,, obtained was ~14.3 mA/cm?, 
which is still less than 15.5 mA/cm? predicted for 
the best tandem cell with absorption onset up to 
1050 nm. Clearly, an important reason for this is 
the effective absorption of only up to ~985 nm 
(Fig. 3E) versus the required best absorption of 
1050 nm. Also the average (~72%) EQE is still 
lower than the 75% used in the analysis shown 
in Fig. 1B. Furthermore, the V,, obtained for our 
tandem cell is ~1.64 V and nearly equal to the 
sum of the V,,’s of the two subcells. However, it 
represents 73% of the theoretical value (35), cor- 
responding to a substantial /,,,, (0.71 and 0.51eV, 
or an average of 0.61 eV) of the front and rear 
cells, respectively. Together with recent results 
showing Fjoss for some OPV cells as small as 
0.45 eV Eigss (26), considerable improvement is 
expected for reducing Fjos; through methods such 
as morphological or interfacial engineering in ad- 
dition to the optimization of materials (36-39). 
Considering the bigger impact of F,,,, on the 
overall performance as discussed previously 
(23, 30), reducing F,;, Should be a focus of future 
work. The tandem cell FF in this work is as high 
as 74%, also slightly higher than that of the 
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Fig. 3. Optical simulation and photovoltaic performance of the tan- 
dem cells. (A) Device architecture of the tandem cell. (B) Energy level 
diagram of the tandem solar cell. (©) Simulated current density generated in 
a tandem cell as a function of the thicknesses of the active layers. (D) J-V 
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and (F) J-V curve of the tandem cells under different light intensities, 
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dashed vertical line at 985 nm indicates the effective absorption up 
position (assuming 50% EQE) of the rear subcell. 


Table 1. 2T tandem cell performance with different thicknesses of the subcells. Results are shown as the mean + SD. Values in parentheses denote the 


best optimal results. 


Thickness (nm) 


Voe (V) 


Front cell Rear cell 


120 110 


150 


150 90 


*The average parameters were calculated from more than 20 devices. 


studied under the optimization condition is ~4 mm?. 


two subcells with a FF of ~70%, indicating that 
the reduced charge recombination in the tandem 
cell suppressed the carrier dynamics loss (29), but 
still lower than the best FF (80%) achieved (25) 
and theoretical values (85 to 94%) for devices 
with a bandgap between 1.0 and 3.0 eV (35). 
The performance of the optimized tandem 
cells was also measured under different illumi- 
nation intensities, from 0.05 to 1.12 sun (Fig. 3F 
and fig. S12). The PCEs of the tandem cells remain 
above 15% when the light intensity varies from 
4.97 to 112.68 mW/cm”, and a PCE of 17.87% has 
been achieved at a light intensity of 25.99 mW/cm”. 
In addition, the tandem cells show good sta- 
bility behavior, with only a minor performance 


1.646 + 0.008 (1.646) 


1.636 + 0.014(1.642) 


1.631 + 0.010(1.636) 


1.630 + 0.010(1.636) 


degradation of 4% after continuous testing for 
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Js¢ (mA/cm?) 
13.11 + 0.23(13.32) 
14.32 + 0.18(14.35) 
14.14 + 0.25(14.34) 


14.03 + 0.28(14.00) 


166 days (fig. S13). Furthermore, we also fabricated 
tandem cells with large areas, and the prelimi- 
nary results (table S14) show good performance 
even at sizes up to 100 mm? 

The much better PCE of 17.36% compared 
with current state-of-the-art levels, together 
with the semi-empirical analysis provided, indi- 
cate that OPV tandem cells have a greater po- 
tential than previously thought, and a PCE >25% 
should be attainable with the already achieved 
best EQE of 80% (3), Fioss of 0.45 eV (26), and 
FF of 0.75 (25). Considering its other advan- 
tages, OPV should be competitive with other 
solar cell technologies for industry applications 
in the future if the issue of OPV stability can be 
addressed. 
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64.9 + 1.2(65.9) 


FF (%) PCE (%) 


73.0 + 0.6(73.2) 15.75 + 0.03(16.05)* 


72.1 t 1.4(73.7) 


69.1 + 0.8(69.6) 15.80 + 0.22(15.94)* 


}The average parameters were calculated from 84 devices, and the area of the devices 
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ENZYME DESIGN 


A designed heme-[4Fe-4S] 
metalloenzyme catalyzes sulfite 
reduction like the native enzyme 


Evan N. Mirts’, Igor D. Petrik”, Parisa Hosseinzadeh*, Mark J. Nilges*, Yi Lu???>>>®7* 


Multielectron redox reactions often require multicofactor metalloenzymes to facilitate 
coupled electron and proton movement, but it is challenging to design artificial enzymes to 
catalyze these important reactions, owing to their structural and functional complexity. 
We report a designed heteronuclear heme-[4Fe-4S] cofactor in cytochrome c peroxidase as a 
structural and functional model of the enzyme sulfite reductase. The initial model exhibits 
spectroscopic and ligand-binding properties of the native enzyme, and sulfite reduction 
activity was improved—through rational tuning of the secondary sphere interactions around 
the [4Fe-4S] and the substrate-binding sites—to be close to that of the native enzyme. By 
offering insight into the requirements for a demanding six-electron, seven-proton reaction 
that has so far eluded synthetic catalysts, this study provides strategies for designing 
highly functional multicofactor artificial enzymes. 


he presence of sulfite in the environment 

inhibits bioremediation of pervasive, toxic 

oxyanions such as (per)chlorate, arsenate, 

and nitrate (7) that are chemically chal- 

lenging to reduce and have low binding 
affinity to transition metals. Bioinspired arti- 
ficial catalysts have been developed to reduce 
nitrate and perchlorate (2), but sulfite reduction 
remains inaccessible to synthetic catalysts. As 
a result, complete oxyanion remediation has so 
far been accomplished only via biofilms under- 
going anaerobic respiration (3, 4) 


SO," +6e +7H*—>HS +3H,0 (1) 
Sulfite reduction to sulfide (Eq. 1) is accom- 
plished to completion by assimilatory sulfite 
reductase (SiR), which contains a structurally 
complex cofactor composed of a heme macro- 


cycle (siroheme) and a cubane [4Fe-4S] cluster 
(5) bridged by a cysteine residue that serves as 


Siroheme-[4Fe-4S] Cofactor 


Siroheme 


[4Fe-4S] 


Sulfite Reductase 


Fig. 1. Design of a [4Fe-4S] binding site in CcP to mimic the heme- 
[4Fe-4S] center in native SiR. From left to right: A search structure 
generated from the binding cavity of the [4Fe-4S] in the siroheme-[4Fe-4S] 
cofactor from the hemoprotein subunit of native Escherichia coli SiR 
[Protein Data Bank (PDB) ID 2GEP] (9) was used to search the PDB for 
suitable hemoprotein scaffolds. Yeast CcP was identified as a suitable 
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both the proximal ligand to the siroheme and 
a ligand to one Fe atom of the [4Fe-4S] cluster 
(Fig. 1). The [4Fe-4S] cluster is proposed to act 
as a molecular battery that facilitates electron 
transfer to the heme, enabling sequential 2e” re- 
duction (6), even though the precise role it plays 
in catalysis and tuning siroheme reactivity is not 
understood. Two synthetic models of the heme- 
[4Fe-4S] cofactor have been reported but lacked 
activity (7, 8). These models did not include ele- 
ments of the SiR substrate-binding pocket, which 
is rich in positively charged residues thought to 
facilitate binding and protonation of the substrate 
concurrent with electron transfer and proposed 
to be required for activity (9, 10). Designing arti- 
ficial enzymes that include mononuclear or homo- 
nuclear metal-binding sites has been successful 
in generating catalysts (JJ-17); however, designed 
enzymes have rarely recapitulated the complex 
heteronuclear metal centers responsible for multi- 
electron, multiproton reactions. Here we report 
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Cytochrome c Peroxidase 


success in replicating both structural and func- 
tional elements of SiR by designing a [4Fe-4:S] 
cluster proximal to the heme center in cyto- 
chrome ¢ peroxidase (CcP). By rationally building 
secondary sphere interactions in the metal- and 
substrate-binding sites, we increased the sulfite 
reductase activity of this artificial metalloenzyme 
to approach the activity of a native SiR. 

We chose CcP, a native heme-binding protein, 
as a protein scaffold because of its small size and 
stability. Furthermore, we found that its active 
site contains a cavity on the heme proximal face 
large enough to host a [4Fe-4S] cluster (figs. S1 
and S2). This heme proximal cavity was essen- 
tial in discriminating among suitable hemopro- 
tein scaffolds, as described in the supplementary 
materials (fig. S3). We then used the Rosetta 
matcher and enzyme design algorithms (1) to 
select residues to mutate to Cys to coordinate the 
[4Fe-4S], resulting in mutation of four residues 
(His, Thr, Tyr, and Leu) to Cys [His"”—+-Cys (H1750), 
T180C, WI91C, and L232C] (Fig. 1) and two ad- 
ditional mutations for stability: M230A (M, Met; 
A, Ala), made to relieve steric clash, and D235V 
(D, Asp; V, Val), made to remove the nearby 
negative charge previously reported to interfere 
with Cys-heme coordination in CcP (78) (fig. $4). 
The computational model of this sextuple mutant 
CcP (called SiRCcP.1) is a close structural match 
for the cofactor-binding site in native SiR (fig. 
S5) and was readily expressed in the cofactor- 
free apo form (figs. S6 and S7). 

We incorporated an iron-sulfur cluster into 
apo-SiRCcP.1 by in vitro reconstitution, and we 
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Heme-[4Fe-4S] Cofactor 


T180C 


[4Fe-4s] 


scaffold, and a binding site for a heme-[4Fe-4S] cofactor was designed 
by a combination of computational and rational design methods. The 
resulting computational model of the designed heme-[4Fe-4S] center in 
SiRCcP.1 is shown on the right. Three Cys mutations (T180C, W191C, 
L232C) coordinate Fe atoms, and the H175C mutation acts as a bridging 
Cys ligand between the heme and [4Fe-4S] cofactors. 
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hereafter refer to this protein as FeS-SiRCcP.1. 
We characterized FeS-SiRCcP.1 by ultraviolet 
(UV)-visible absorption, electron paramagnetic 
resonance (EPR), and extended x-ray absorp- 
tion fine structure (EXAFS) spectroscopies. These 
characterization methods of both the oxidized 
and reduced states indicate proper incorpora- 
tion of a [4Fe-4S] cluster, as designed (19, 20) 
(Fig. 2, A and B, and figs. S8 to S11). Elemental 
analysis for Fe and S in FeS-SiRCcP.1 matched 
well with the Fe and S content expected at full 
[4Fe-4S] incorporation (4 Fe:14 S, accounting 
for inorganic S and all S atoms in Cys and Met 
residues) with a ratio of 4.00 Fe:14.01 S observed 
experimentally. 

In addition to the [4Fe-4S], a heme cofactor 
is required to complete the SiR catalyst, and we 
found that heme-d, the native heme cofactor of 


Fig. 2. Spectroscopic properties of SiRCcP.1 
with [4Fe-4S], heme, and heme-[4Fe-4S] 
cofactors confirm binding of [4Fe-4S] and 
heme-[4Fe-4S] cofactors. (A) X-band EPR 
spectrum of FeS-SiRCcP.1 reduced with an 
excess of sodium dithionite (black) and simu- 
lated spectrum (magenta) indicating an 

S = 42 species consistent with a [4Fe-4S]": 

& = 1891, g, = 1.919, g, = 2.035; linewidths (G) 
Ax = 42, Ay = 27, Az = 25. The spectrum shown 
was measured at a frequency of 9.173 GHz 

and modulation amplitude of 10 Gauss; a 
microwave power of 10 mW, and a temperature 
of 15 K. No paramagnetic species at g = 2 

are observed before reduction, suggesting a 
[4Fe-4S]** (S = 0) state as prepared (oxidized). 
A [3Fe-4S]* species could be generated by 
reoxidation of the reduced species with an 
excess of potassium ferricyanide (fig. S10). 

(B) Magnitude of the phase-uncorrected k?- 
weighted Fourier transform (FT) and EXAFS 
(inset) of the Fe K-edge spectra for FeS**-SiRCcP.1 
(black) and the best fit (magenta). The EXAFS 
spectrum is consistent with a symmetrical 
cubane structure (three scattering Fe atoms 

per absorber Fe and four scattering S atoms in 
the first coordination shell). Fitting parameters 
are provided in table S1, and the EXAFS of 
FeS*-SiRCcP.1 are plotted in fig. S11. R, scattering 
shell distance. (C) UV-visible spectra of Fe-S— 
reconstituted SIRCcP.1 (FeS-SiIRCcP.1) and 
heme-Fe-S-reconstituted SIRCcP.1 (heme-FeS- 
SiRCcP.1) in the presence and absence of potas- 
sium cyanide. As prepared, FeS-SiRCcP.1 has 
weak, broad absorption at 400 nm, which 
decreases upon reduction (fig. S9). Ferric heme- 
FeS-SiRCcP.1 has a blue-shifted Soret peak 

(378 nm) relative to that of native CcP (408 nm) 
and exhibits a Soret maximum and Q-bands 
(inset) consistent with penta-coordinate, thiolate- 


ligated high-spin ferriheme. The ferrous heme-FeS-SiRCcP.1 spectrum 
obtained by incubation with sodium dithionite (fig. S12) is distinct from 
the species obtained by photoreduction (fig. S13) and is identical to 
the spectrum of heme**-FeS*-SiRCcP.1 incubated with sulfite under 
nonturnover conditions (fig. S14), indicating sulfite-bound hexacoordi- 
nate ferroheme. The photoreduced spectrum (fig. S13) represents 

the ferrous pentacoordinate species. (D) X-band EPR spectra of 
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CcP, could be incorporated into FeS-SiRCcP.1 
in vitro, similarly to native CcP. We call this 
double-cofactor form heme-FeS-SiRCcP.1 (Fig. 
2C). Elemental analysis of heme-FeS-SiRCcP.1 
yielded 5.54 Fe per heme, confirming that the 
[4Fe-4S] remains intact following heme recon- 
stitution. Heme-FeS-SiRCcP.1 displayed key spec- 
troscopic features and ligand-binding properties 
of thiol-ligated hemoproteins and even native 
SiR (Fig. 2, C and D, and figs. $12 to S14) (27-23). 
Notably, heme**-FeS?*-SiRCcP.1 has low affinity 
for the cyanide anion (CN ), requiring ~2000 equiv- 
alents, whereas le~ reduced heme”*-FeS?*-SiRCcP 
rapidly binds roughly one equivalent of CN” (Fig. 
2C). This behavior has been reported for SiR (24) 
but not for most other hemoproteins, including 
CcP, which suggests that our designed SiRCcP.1 
substantially alters the heme character of the 
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2500 


native scaffold protein without altering the heme 
chemical structure. The presence of the posi- 
tively charged [4Fe-4S] could screen the increased 
negative charge in ferrous heme that tends to 
weaken the CN-Fe?* interaction in hemopro- 
teins, but we also observed higher CN” affinity in 
heme”*-SiRCcP.1 with no reconstituted [4Fe-4S]. 
Therefore, local electrostatic effects, perhaps re- 
lated to removal of the proximal His-Asp-Trp 
peroxidase triad in SiRCcP.1 (fig. S2), or changes 
in heme conformation that affect o acceptance 
and x back-donation must also play a role (25-27). 

We measured the sulfite reductase activity of 
heme-FeS-SiRCcP.1 by the rate of oxidation of 
the electron mediator methyl viologen (MV*) in 
the presence of sodium sulfite using a protocol 
previously reported for native SiR (28). Heme- 
FeS-SiRCcP.1 oxidizes MV™ at a rate of 0.348 


Heme-FeS-SiRCcP.1 
—— CN-Heme**-FeS-SiRCcP.1 
——— CN-Heme”*-FeS-SiRCcP.1 


350 500 650 


g-value 


— CN-Heme**-FeS** 
—— CN-Heme”*-FeS* 


3000 
Field (G) 


3500 


heme-FeS-SiRCcP1 in the presence of cyanide. CN-heme?*-FeS**-SiRCcP.1 
is predominantly low-spin ferric heme (gy = 1.87, gy = 2.26, g, = 2.45) with 
no visible [4Fe-4S] features. In the all-ferrous state, heme features 
disappear (presumably S = O ferrous heme) while the S = ¥% [4Fe-4S] 
feature reappears. Similar behavior has been reported for CN-bound 
SiR. EPR spectra were measured at 18 K with a microwave power 

of 10 mW at a frequency of 9.24 GHz. 
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Fig. 3. Sulfite reduction 
activity of SIRCcP mu- 
tants is modulated 

by substrate binding 
and [4Fe-4S] second- 
ary sphere mutations. 
(A) Computational 
model of the SiIRCcP 
substrate-binding site 
with mutations W51K, 
H52R, and P145K (cyan) 
made to mimic native 
SiR residues K217, R153, 
and K215, respectively 
fig. S15). The native CcP 
residue R48 (orange) is 
positioned similarly 

to R83 in native SiR. 

B) Computational model 
of the mutations D235V 
SiRCcP.1, cyan), D235N 
SiRCcP.2, green), and 


= 
= 
2 
5 
§ 
< 


D235C (SiRCcP.3, magenta) in SiRCcP. (C) Sulfite reduction activity of four SIRCcP mutants in com- 
parison to a native sulfite reductase from M. tuberculosis (Mtb NiRA). “K+R” denotes the presence of the 


three mutations W51K, H52R, and P145K. Reported activities represent the average of triplicate mea- 


surements with standard error (see table S2). 


(+ 0.15) min™, whereas wild-type CcP displayed 
no measurable activity above background. Sim- 
ilarly, the rate by heme-FeS-SiRCcP.1 was nom- 
inally zero in the absence of sulfite. The initial 
design that incorporated the heme-[4Fe-4S] co- 
factor (SiRCcP.1), therefore, showed notable sulfite 
reduction activity compared with its native scaf- 
fold protein but far less than a native SiR, in- 
dicating that a heme-[4Fe-4S] cofactor alone is 
insufficient to promote rapid sulfite reduction. 
To improve activity, we sought to systematically 
examine the key features of native SiR active 
sites and determine which had the greatest im- 
pact on catalysis. Lys and Arg residues are con- 
served in SiR and are thought to be important 
for substrate binding and catalysis (9, 10) (fig. 
S15A). Therefore, we introduced analogous W51K, 
H52R, and P145K (K, Lys; R, Arg; P, Pro) mu- 
tations to SiRCcP.1, which, when combined with 
the native CcP residue Arg*®, form a positively 
charged cavity that resembles SiR (Fig. 3A and 
fig. SI5B). The reductase activity of the resulting 
mutant, W51K/H52R/P145K-SiRCcP.1, is 1.26 + 
0.20 min”, 5.3-fold greater than that of SiRCcP.1. 

In proteins, [4Fe-4S] clusters are stabilized by 
backbone and amino acid side-chain interactions 
in the secondary coordination sphere (29, 30). The 
crystal structures of SiRs reveal several side-chain 
hydrogen bond donors to inorganic S atoms, 
such as the amino group of N48] (N, Asn) in E. coli 
SiR (fig. SIGA). We sought to increase the activity 
of SiRCcP by adding similar stabilizing interac- 
tions to the [4Fe-4S] cluster secondary coordina- 
tion sphere by mutating residue D235—whose 
functional group is oriented toward the [4Fe-4S] 
in SiRCcP in a position similar to N481 in SiR—to 
Asn and Cys based on important secondary sphere 
residues in various [4Fe-4S] centers (29). We 
found that the D235N mutation (called SiRCcP.2) 
(Fig. 3B and fig. S16B) increased activity to 5.91 + 
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16 min“’, 4.3-fold greater than that of W51K/ 
H52R/P145K-SiRCcP.1 (a 17-fold increase over 
SiRCcP.1). We achieved an even greater in- 
crease in activity with the D235C mutant (called 
SiRCcP.3) (Fig. 3B), which, when combined with 
the substrate-binding site mutations given above 
(W51K/H52R/P145K-SiRCcP.3), exhibited sulfite 
reduction activity of 21.8 (+ 2.4) min™, a 63-fold 
increase over that of SiRCcP.1 (fig. S17 and table 
$2). We compared these rates to a native dissim- 
ilatory SiR, NiRA from Mycobacterium tuberculosis 
(Mtb NiRA) (28), whose activity has been re- 
ported under comparable reaction conditions, 
and found that the activity of W51K/H52R/P145K- 
SiRCcP.3 is ~18% of a native SiR’s activity (Fig. 
8C and table S2). Assimilatory SiRs have been 
observed to reduce sulfite to sulfide with minimal 
side products, but dissimilatory SiRs typically 
achieve far less than 50% efficiency in vitro. We 
quantified sulfide as well as the side products 
trithionate (S,0,” ) and thiosulfate (S,O,” ) pro- 
duced with sulfite as the substrate. Sulfide was 
quantified by methylene blue formation, and we 
found that ~10% of the products formed in the 
reaction were hydrogen sulfide (the six-electron 
reduction product), with the remainder being 
primarily the two- and four-electron-reduced 
side products in a distribution similar to na- 
tive dissimilatory SiR. Together, these products 
account for more than 90% of the electron 
donors consumed (figs. S18 and S19). The pro- 
duct conversion efficiency of W51K/H52R/P145K- 
SiRCcP.3 is therefore similar to the efficiency of 
a natural dissimilatory SiR (37). SiRCcP is thus 
both a close structural model and a substantially 
active functional model of SiR capable of complete 
six-electron and seven-proton sulfite reduction. 
Our progressive optimization of SiRCcP re- 
vealed structural features beyond the metallo- 
cofactor required for efficient multielectron 
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reduction of an oxyanion, including secondary 
sphere interactions such as hydrogen bonding 
to the [4Fe-4S] (through D235V/N/C mutations) 
and residues that may promote substrate bind- 
ing and protonation (through W51K, H52R, and 
P145K mutations). Models that did not incorpo- 
rate these features had diminished activity, and 
the necessity of these secondary interactions in 
our SiRCcP model has important implications 
for optimizing design strategies to achieve high 
activity in multielectron redox reactions with ar- 
tificial enzymes, a process simplified and ac- 
celerated in this study by cavity-based scaffold 
selection. Furthermore, the SiRCcP enzyme is 
functional with the heme-d cofactor present in 
native CcP instead of the biologically distinct 
siroheme in SiR, suggesting that siroheme is not 
absolutely required for sulfite reduction. These 
insights, combined with the ability to recapit- 
ulate a complex multielectron, multiproton de- 
livery system in a simple, stable scaffold, suggest 
a strategy to design highly active catalysts for 
other difficult oxyanion reduction and multi- 
electron reactions that may be broadly applicable. 
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METAMATERIALS 


Quantum entanglement of the spin 
and orbital angular momentum 
of photons using metamaterials 


Tomer Stav’*, Arkady Faerman?*, Elhanan Maguid”, Dikla Oren’, Vladimir Kleiner”, 


Erez Hasman?+, Mordechai Segev'*+ 


Metamaterials constructed from deep subwavelength building blocks have been used to 
demonstrate phenomena ranging from negative refractive index and <-near-zero to 
cloaking, emulations of general relativity, and superresolution imaging. More recently, 
metamaterials have been suggested as a new platform for quantum optics. We present the 
use of a dielectric metasurface to generate entanglement between the spin and orbital 
angular momentum of photons. We demonstrate the generation of the four Bell states on 
a single photon by using the geometric phase that arises from the photonic spin-orbit 
interaction and subsequently show nonlocal correlations between two photons that 
interacted with the metasurface. Our results show that metamaterials are suitable for 
the generation and manipulation of entangled photon states, introducing the area of 


quantum optics metamaterials. 


etamaterials are engineered structures, 
assembled from multiple elements of a 

scale smaller than the wavelength of in- 

cident light, with distinct electromagnetic 
response and functionalities such as 
negative refraction (J, 2), cloaking (3), and even 
near-zero permittivity and permeability (4, 5). 
Metasurfaces consist of a dense arrangement 
of dielectric or metallic subwavelength optical 
antennas (6-/4). The light-matter interaction of an 
individual nanoantenna provides control over the 
local phase (15), enabling control over refraction 
and reflection. Accordingly, the light-scattering 
properties of the metasurface can be manipulated 
by tailoring the nanoantennas’ material, size, and 
shaping the antenna resonance (9, 13, 14), or 
through their arrangement in space—for example, 
with geometric phase (6, 7, 12). These wavefront 
manipulations have been widely used with clas- 
sical light. Recently, a metallic metasurface was 
used with quantum light (/6) for detecting co- 
herent perfect absorption of single photons. In 
this context, interesting ideas on how to utilize 
metamaterials for creating entanglement have 
been proposed (17). However, metamaterials 
have never been used to generate or manipu- 
late entangled photon states, which are at the 
heart of the field of photonic quantum information. 
By exploiting fundamental concepts in quan- 
tum physics, such as superposition and entan- 
glement, quantum information offers ways of 
solving problems in reduced time-complexity 
(18-20). One of the many possible realizations of 
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quantum algorithms may be achieved by using 
single photons encoded with two qubits (21), 
whose relatively easy manipulation makes the 
construction of optical quantum processing units 
appealing. This is because photons can be con- 
trolled with the same optical devices used for 
classical light; they maintain their quantum co- 
herence (quantum correlations) for extremely 
long times, unless absorbed (22-24). That is, they 
do not suffer from severe decoherence problems, 
as the alternative platforms to quantum infor- 
mation do. Indeed, recent advancements in on- 
chip quantum photonic circuits have shown the 
benefits of having integrated entangled photon 
sources (25, 26). Several experiments involving 
entangled photon states and metamaterials have 


been performed (27, 28); however, thus far the 
entangled photon states were generated before 
the interaction with the metamaterial. More- 
over, for experiments with quantum light, it is im- 
portant to minimize the loss, whereas metallic 
metasurfaces inherently exhibit high loss (28). We 
used metasurfaces made of high-refractive index 
dielectrics, which do not involve any plasmonic 
decoherence or loss. Moreover, our dielectric meta- 
surfaces are compatible with complementary metal- 
oxide semiconductor technology in the fabrication 
process, which is advantageous for future large- 
scale quantum computation devices. We rely on 
the recent realizations of Si-based metasurfaces 
with efficiencies close to 100% (14, 29), which 
makes them excellent candidates for quantum 
optics and quantum information applications. 

We demonstrate that a dielectric metasurface 
can generate entanglement between the spin 
and the orbital angular momentum (OAM) of 
photons (Fig. 1). This is achieved by using the 
Pancharatnam-Berry phase, which provides a pho- 
tonic spin-orbit interaction mechanism (30-32). 
We fabricated the Si-based geometric phase meta- 
surface (GPM) depicted in Fig. 2A. In general, 
GPMs are designed for spin-controlled wave func- 
tion shaping and are composed of anisotropic 
nanoantennas, designed to perform as nano half- 
waveplates, that generate a local geometric phase 
delay. The space-variant spin-dependent geomet- 
ric phase 6, (x, y) = —20.0(2, y) corresponds to 
the orientation function 6(2, y) and defines the 
phase of the light passing through the meta- 
surface at position (a, y) for the different spin 
states o, = +1 (right- and left-handed circular 
polarizations). The angle 0(a, y) is the in-plane 
orientation of the nanoantennas. To design a 
GPM that entangles the photon’s spin to its OAM, 
the nanoantenna orientations are chosen to be 
@(r, p) = £p/2, where ¢ is the azimuthal angle 
and @ is the winding number; in our case, / = 1. 
Therefore, the GPM adds or subtracts A? = I—one 


Fig. 1. Entanglement between spin and OAM on a single photon. A single photon vertically 
polarized is arriving from the left, as illustrated by the yellow wave packet representing the electric 
field amplitude. This photon carries zero OAM, as illustrated by the yellow flat phase fronts. The 
single photon passes through the metasurface nanoantennas (purple) and exits as a single-particle 
entangled state, depicted as a superposition of the red and blue electric field amplitudes, with the 
corresponding vortex phase fronts opposite to one another. 
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quanta of OAM, depending on the sign of the 

spin—and performs spin-flip |o,.)<>|o_). Such a 

metasurface performs the unitary transformation 

GPM 

|o:)|€) 2 lox) |C+A) (1) 

A single photon with zero OAM, polarized hori- 

zontally (H), incident upon the metasurface can 

be described by a superposition of spins (circular 
polarizations) as 


Fa (l0) +|o_))€=0) (2) 


After passing through the metasurface, the state 
of the photon becomes (following Eq. 1) 


|H)|€ = 0) = 


1 


v2 


Similarly, an incident photon with zero OAM 
in the vertical polarization (V), described by 
|V)|é = 0) = 4, (\o1) — |o_))|@= 0), is trans- 
formed by the metasurface into 


(\o_)|€= Ad) + |ox)/6= —A@)) (3) 


1 
V2 


The states described by Eqs. 3 and 4 are max- 
imally entangled states encoded on a single 
photon. The entanglement here is between the 
spin and the OAM degrees of freedom. In a sim- 
ilar fashion, following Eqs. 3 and 4, if two in- 
distinguishable photons in the state |H)|é = 
0) ®|V)|€ = 0) are passed through the GPM, 
the result is the state 

J llos)|¢= 2) @ [o,)/e= 1 


-|o)=1) @lo-)l=1)) 8) 


(lo_)| = A€) —|o,)|€=—Aé)) (4) 


Fig. 3. Density matrices of the four Bell states. (A) Theoretical cal- 
culated density matrices for each Bell state. (B) Experimentally measured 
density matrices recovered for each Bell state by using QST. The 
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Both the spin and the OAM represent angular 
momentum, and only their sum is conserved 
(33). Nevertheless, for photons whose spatial wave 
function is paraxial, as in our case, the spin and 
the OAM are totally independent (32) and have 
Hilbert spaces of different dimensions. Further- 
more, from expectation value perspective, the total 


angular momentum is conserved; the incident 
state is of zero total angular momentum as well 
as the state emerging from the GPM. 

The experimental setting shown in Fig. 2B 
is used to generate a single photon in the state 
|H)|€ = 0). In the first set of experiments, the 
interaction with the metasurface results in a single 
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Fig. 2. Experimental setup used to generate and measure the entangled states. (A) Scanning 
electron microscope image of the Si-based GPM. Each building block in the GPM is composed 

of several nanorods filling an area of 700 by 700 nm®. The nanorods are of 105 nm width and 300 nm 
depth, arranged 233 nm apart from each other. The metasurface diameter is 200 um. (B) Schematic of the 
experimental setup. A 407.8-nm diode laser pumps a B-barium borate (BBO) crystal phase-matched for 
type-II collinear spontaneous parametric down-conversion (SPDC). The SPDC process produces two 
photons, one in vertical polarization (V) and the other in horizontal polarization (H), centered around 

the degenerate wavelength of 4 = 815.6 nm. The pump field and photons produced at other wavelengths 
are filtered out by an interference filter (IF) filter. The pairs of photons produced by means of SPDC are 
spatially separated by using a polarizing beam splitter (PBS). The reflected photon acts as a trigger for the 
detection of the “signal photon” in H polarization (Eq. 2). The signal photon is passed through a linear 
polarizer (Pol.) and then through the GPM. In the measurement process, this single photon is reflected off a 
phase-only SLM that projects the state onto different OAM bases. Then the photons are projected on 
different polarization bases and measured in the SPCMs. Coincidence counts between the two SPCMs 
are used to measure different intensities for the QST. 


B |wt) wv) 


experimental results coincide with the theoretical results with higher than 
90% fidelity. The results shown here are the real parts only because the 
imaginary part is identically zero both theoretically and experimentally. 
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Fig. 4. Setup and measurements demonstrating nonlocal spin and OAM correlations on entangled 
biphoton states. (A) A 404-nm diode laser pumps a BBO crystal phase-matched for collinear type-ll 
SPDC, which produces two photons in the degenerate wavelength of 4 = 808 nm, filtered with an IF of 
Ad = 3 nm. The pairs of photons are passed together through the GPM. After the interaction with the 
GPM, the photons pass through a QWP and into a BS. The reflected photons are projected on linear 
polarization states H and V, and the transmitted photons are projected on OAM states ¢ = +1. 
Coincidence counts between the two SPCMs are used to measure the nonlocal correlations between 
the two photons. (B) Coincidence counts measured between the two arms of the BS. The correlation 
between the linear polarization of one photon and the OAM of the second photon shows entanglement 
between the spin and OAM of two different photons. The uncorrelated terms are not zero because the 
metasurface we used was measured to have 72% conversion efficiency, decreasing the visibility in this case. 


photon in an entangled state. In the second set 
of experiments, the metasurface generates entan- 
gled biphoton states. The experimental conver- 
sion efficiency of the metasurface was measured 
to be 72%. 

To show entanglement, we performed full 
quantum state tomography (QST) on the state, 
and the density matrix is recovered (34). We used 
a spatial light modulator (SLM) to project the 
state onto different OAM basis elements, and a set 
of quarter-waveplate (QWP), half-waveplate (HWP) 
and a linear polarizer (Pol.) to project the state 
onto different elements of the polarization basis. 
The list of measurements is described in table S1. 
We used coincidence counts between the two de- 
tectors so that the single photon state is heralded. 
For integration time of 10 s, ~1000 coincidence 
counts were measured without any projections. 
From a total of 16 different measurements for 
each of the Bell states, we recovered the density 
matrix using a maximum likelihood estimation 
algorithm (35). Using this technique, we experimen- 
tally recovered the density matrices of the first two 


bell states |") = J; (|o1)|€ = —1)+|o_)|é = 1)) 


with fidelity of 0.9250 and 0.9496 for |‘¥*) and 
|), respectively (Fig. 3B), where we define the 
fidelity between the recovered () and theoretical 


(p) density matrices by F (p, 6) = m(y ppp), 


By flipping the GPM (the winding number flips 
sign, and now @ = —1), it performs the unitary 
transformation |o.)|£)°%2"|o;)|¢FA0), which en- 
ables the generation of the remaining two bell 
states |") = J; (|o)|¢ = 1)+|o_)|¢ = —1)). We 
performed QST on these states and measured 
density matrices with fidelity of 0.9274 and 0.9591 
for |®*) and |®~ ), respectively (Fig. 3B). These 
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results are in very good agreement with theory 
(Fig. 3A). By introducing a HWP after the GPM, 
we can realize a SWAP gate on the spin qubit 
|o,) |£)SWAP|o_)|¢), performing the transforma- 
tion |@*)S¥? |\w). This SWAP gate does not affect 
the OAM qubit, which remains independent from 
the spin qubit (with fidelity 0.9276) (fig. S1). 

Next, we demonstrate nonlocal spin and OAM 
correlations between two photons, using the ex- 
perimental setting described in Fig. 4A. Coin- 
cidence counts between the two single-photon 
counting modules (SPCMs) measure correlations 
only half the times, when the two photons exit 
the beam splitter in different arms. The results 
displayed in Fig. 4B show that the emerging state 
manifests correlations between the spin of one 
photon and OAM of the other photon, which cannot 
be reproduced with classical light. The conclusion 
drawn from the single-photon state tomography 
(Fig. 3B) and the correlation measurements be- 
tween two photons (Fig. 4B) is that the metasur- 
face does not destroy the coherence of the wave 
function and generates entanglement between 
the spin and OAM at high fidelity. 

Our demonstration of generating entangled 
photon states with metamaterials paves the way 
for nanophotonic quantum information applica- 
tions. We anticipate that metasurfaces will become 
a standard tool in future quantum optics and will 
be used extensively in photonic quantum infor- 
mation systems—for example, for performing state 
tomography (36). These ideas can be extended to 
implement hyper-entangled state generation by 
using multifunctional or multispectral metasur- 
faces (29). The generation and control of quantum 
photon states via metamaterials leads to many 
new ideas and directions, ranging from using 
metasurfaces to entangle two photons of differ- 
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ent frequencies and OAMs to manipulating quan- 
tum states of photons emitted from quantum dots 
in an integrated fashion. 


REFERENCES AND NOTES 


1. J.B. Pendry, Phys. Rev. Lett. 85, 3966-3969 (2000). 

2. V.M. Shalaev, Nat. Photonics 1, 41-48 (2007). 

3. D. Schurig et al., Science 314, 977-980 (2006). 

4. M. Silveirinha, N. Engheta, Phys. Rev. Lett. 97, 157403 (2006). 

5. |. Liberal, N. Engheta, Nat. Photonics 11, 149-158 (2017). 

6. Z.Bomzon, V. Kleiner, E. Hasman, Opt. Lett. 26, 1424-1426 (2001). 

7. Z. Bomzon, G. Biener, V. Kleiner, E. Hasman, Opt. Lett. 27, 

141-1143 (2002). 

8. A. V. Kildishev, A. Boltasseva, V. M. Shalaev, Science 339, 

232009 (2013). 

A. Pors, O. Albrektsen, |. P. Radko, S. |. Bozhevolnyi, Sci. Rep. 

3, 2155 (2013). 

X. Yin, Z. Ye, J. Rho, Y. Wang, X. Zhang, Science 339, 

405-1407 (2013). 

1. N. Yu et al., Science 334, 333-337 (2011). 

2. D. Lin, P. Fan, E. Hasman, M. L. Brongersma, Science 345, 
298-302 (2014). 

3. K. E. Chong et al., Nano Lett. 15, 5369-5374 (2015). 

A. A. Arbabi, Y. Horie, M. Bagheri, A. Faraon, Nat. Nanotechnol. 10, 
937-943 (2015). 

5. A. |. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, 
Y. S. Kivshar, B. Luk’yanchuk, Science 354, aag2472 (2016). 

6. T. Roger et al., Nat. Commun. 6, 7031 (2015). 

7. M. Siomau, A. A. Kamli, A. A. Moiseev, B. C. Sanders, Phys. Rev. 
A 85, 050303 (2012). 

8. L. K. Grover, Proc. Twenty-eighth Annu. ACM Symp. Theory 

Comput. ACM, 212-219 (1996). 

9. P. W. Shor, Proc. 35th Annu. Symp. Found. Comput. Sci. IEEE, 

24-134 (1994). 


20. D. Deutsch, R. Jozsa, Proc. R. Soc. Lond. A 439, 553-558 (1992). 

21. B. G. Englert, C. Kurtsiefer, H. Weinfurter, Phys. Rev. A 63, 
032303 (2001). 

22. A. Mair, A. Vaziri, G. Weihs, A. Zeilinger, Nature 412, 313-316 (2001). 

23. J. Leach et al., Science 329, 662-665 (2010). 


24. L. Shi, E. J. Galvez, R. R. Alfano, Sci. Rep. 6, 37714 (2016). 

25. J. W. Silverstone et al., Nat. Photonics 8, 104-108 (2014). 

26. M. Kues et al., Nature 546, 622-626 (2017). 

27. E. Altewischer, M. P. van Exter, J. P. Woerdman, Nature 418, 
304-306 (2002). 

28. M. S. Tame et al., Nat. Phys. 9, 329-340 (2013). 

29. E. Maguid et al., Light Sci. Appl. 6, e17027 (2017). 

30. M. V. Berry, Proc. R. Soc. London Ser. A 392, 45-57 (1984). 

31. K. Y. Bliokh, F. J. Rodriguez-Fortufio, F. Nori, A. V. Zayats, 
Nat. Photonics 9, 796-808 (2015). 

32. K. Y. Bliokh, F. Nori, Phys. Rep. 592, 1-38 (2015). 

33. E. Nagali et al., Phys. Rev. Lett. 103, 013601 (2009). 

34. Materials and methods are available as supplementary materials. 

35. D. F. V. James, P. G. Kwiat, W. J. Munro, A. G. White, Phys. Rev. A 
64, 052312 (2001). 

36. K. Wang et al., Science 361, 1104-1108 (2018). 


ACKNOWLEDGMENTS 


The authors thank the group of Y. Silberberg from Weizmann Institute 
of Science, Israel, for the use of their 404-nm laser. Funding: The 
authors gratefully acknowledge financial support from the U.S. Air 
Force Office of Scientific Research (FA9550-18-1-0208), through their 
program on photonic metamaterials, and the Israel Science Foundation 
(ISF). The fabrication was performed at the Micro-Nano Fabrication 

& Printing Unit (MNF&PU), Technion. Author contributions: All 

the authors contributed substantially to this work. Competing 
interests: The authors declare no competing interests. Data and 
materials availability: All data necessary to support this paper's 
conclusions are available in the supplementary materials. 


SUPPLEMENTARY MATERIALS 
www.sciencemag.org/content/361/6407/1101/supp|/DC1 
Materials and Methods 

Supplementary Text 

Fig. S1 

Table S1 

References (37-39) 


17 April 2018; accepted 17 July 2018 
10.1126/science.aat9042 


3 of 3 


8LOz ‘E| 4aquiajdes uo /Hio Beweoual|ds‘eouelds//:djjy Woy pepeojumoq 


RESEARCH 


METAMATERIALS 


Quantum metasurface for 
multiphoton interference 
and state reconstruction 


Kai Wang’, James G. Titchener’”, Sergey S. Kruk', Lei Xu»*, Hung-Pin Chung’*, 
Matthew Parry’, Ivan I. Kravchenko”, Yen-Hung Chen*’®, Alexander S. Solntsev’”, 
Yuri S. Kivshar’, Dragomir N. Neshev’, Andrey A. Sukhorukov'* 


Metasurfaces based on resonant nanophotonic structures have enabled innovative types 
of flat-optics devices that often outperform the capabilities of bulk components, yet these 
advances remain largely unexplored for quantum applications. We show that nonclassical 
multiphoton interferences can be achieved at the subwavelength scale in all-dielectric 
metasurfaces. We simultaneously image multiple projections of quantum states with a 
single metasurface, enabling a robust reconstruction of amplitude, phase, coherence, and 
entanglement of multiphoton polarization-encoded states. One- and two-photon states 
are reconstructed through nonlocal photon correlation measurements with polarization- 
insensitive click detectors positioned after the metasurface, and the scalability to 

higher photon numbers is established theoretically. Our work illustrates the feasibility 

of ultrathin quantum metadevices for the manipulation and measurement of multiphoton 
quantum states, with applications in free-space quantum imaging and communications. 


he field of nanostructured metasurfaces 
offers the possibility of replacing tradi- 
tionally bulky imaging systems with flat 
optics devices (1), achieving high transmis- 
sion based on all-dielectric platforms (2-7). 
The metasurfaces provide a freedom to tailor the 
light interference by coherently selecting and mix- 
ing different components on a subwavelength 
scale, enabling polarization-spatial conversion 
(4, 7-12) and spin-orbital transformation (13). 
Such capabilities motivated multiple applications 
for the regime of classical light, yet the metasur- 
faces have the potential to emerge as essential 
components for quantum photonics (/4-17). 
The key manifestations of quantum light are 
associated with nonclassical multiphoton inter- 
ference, which is an enabling phenomenon for the 
transformation and measurement of quantum 
states. Conventionally, manipulation of multi- 
photon states is performed through a sequence 
of beam-splitting optical elements, each realizing 
quantum interference (78-20). Recent advances 
in nanotechnology have enabled the integration 
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of beam-splitters and couplers on tailored plas- 
monic structures (21, 22); however, material 
losses and complex photon-plasmon coupling 
interfaces restrict the platform scalability. We 
realize several multiphoton interferences in a 
single flat all-dielectric metasurface. The parallel 
quantum state transformations are encoded in 
multiple interleaved metagratings, taking ad- 
vantage of the transverse spatial coherence of 
the photon wave functions extending across the 
beam cross section. In the classical context, the 
interleaving approach was effectively used for 
polarization-sensitive beam splitting (8, 9, 1, 12), 
yet it requires nontrivial development for the 
application to multiphoton states. 

We formulate and realize an application of the 
metasurface-based interferences for multiphoton 
quantum state measurement and reconstruction. 
We develop a metasurface that incorporates a 
set of M/2 interleaved metagratings [see part 3 of 
(23)], where M is an even number of diffracted 
beams forming imaging spots. Each metasurface 
is composed of nanoresonators with specially 
varying dimensions and orientations, accord- 
ing to the principle of geometric phase (8), to 
split specific elliptical polarization states (7), 
which would not be possible with conventional 
gratings [see parts 1 and 2 of (23)]. This per- 
forms quantum projections in a multiphoton 
Hilbert space to M imaging spots, which can 
be considered as output ports. Each port cor- 
responds to a different elliptical polarization 
state (Fig. 1A), which is essential to minimize the 
error amplification in quantum state recon- 
struction (24). Then, by directly measuring all 
possible N-photon correlations, where N is the 
number of photons, from the M output beams, 
it becomes possible to reconstruct the initial 
N-photon density matrix, providing full infor- 
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mation on the multiphoton quantum entangle- 
ment. For example, in Fig. 1B, we show a sketch 
of three gratings (top) which realize an optimal 
set of projective bases shown as vectors on the 
Poincaré sphere (middle) for M = 6. 

The photon correlations between M output 
ports can be obtained with simple polarization- 
insensitive single-photon click detectors. The me- 
tasurface can be potentially combined with single 
photon-sensitive electron-multiplying charge- 
coupled device (EMCCD) cameras (25, 26) to de- 
termine the spatial correlations by processing 
multiple time-frame images of quantum states. 
We consider quantum states with a fixed pho- 
ton number N, which is a widely used approach 
in photon detection (27-30). The N-fold correla- 
tion data, stored in an array with N dimensions, 
are obtained by averaging the coincidence 
events over multiple time frames. For example, 
in Fig. 1C, we sketch a case with N = 2 photons 
and M = 6. In each frame, two photons arrive at 
different combinations of spots. After summing 
up the coincidence events over multiple time 
frames, we obtain a correlation in two-dimensional 
space. Following the general measurement the- 
ory of (30), we establish that, for an indistin- 
guishable detection of N-photon polarization 
states (i.e., the detectors cannot distinguish 
which is which of the N photons), the required 
number of output ports to perform the recon- 
struction scales linearly with the photon number 
as M = N + 3 (see Fig. 1B, bottom). For instance, 
with M = 6, up to N = 3 photon states can be 
measured. 

The parallel realization of multiphoton inter- 
ferences with a single metasurface offers practical 
advantages for quantum state measurements. 
Conventional quantum state tomography (27) 
methods based on reconfigurable setups can 
require extra time and potentially suffer from 
errors associated with the movement of bulk 
optical components (27) or tuning of optical in- 
terference elements (37). Moreover, the conven- 
tionally used sequential implementations of 
projective measurements present a fundamen- 
tal limit for miniaturization while being inher- 
ently sensitive to fluctuations or misalignment 
between different elements, especially for higher- 
photon number states. The emerging methods 
based on static transformations implemented 
with bulk optical components (J9) or integrated 
waveguides (28-30) still require multiple stages 
of interferences. By contrast, our quantum meta- 
surface provides an ultimately robust and com- 
pact solution, the speed of which is limited only 
by the detectors. 

We fabricate silicon-on-glass metasurfaces de- 
signed for M = 6 and 8 imaging spots using stan- 
dard semiconductor fabrication technology [see 
parts 4 and 7 of (23) for details]. The experimentally 
determined polarization projective bases obtained 
through classical characterization are plotted on 
the Poincaré sphere in Fig. 2A for a metasurface 
with M = 6 that is used later for quantum ex- 
periments. The transfer matrix measurements 
confirm that the polarization projective bases 
are close to the optimal frame. The condition 


1 of 4 


8LOZ ‘E| 4aquiajdes uo /Hio Beweoualds‘eouelds//:djjy Wo pepeojumoq 


RESEARCH | REPORT 


Metasurface 
COD200'0 0° 10'0"0 
SOO Lo ovlo”lolDl0"D 
SOOs vo vv lovoln"n fre 
OOO oo vo” lOIDTNnN OO 6 - 
28 SOO GOD w'S"S'A 1 - 
8.23 BO d0l10IDTO'O'S'S fb « 


pd0 


POOP 
yoOonr- 
nets 


N-photon 


polarization state 


Density matrix 


p 


N-fold correlation 


Reconstruction 


Fig. 1. Concept of quantum state imaging via nanostructured flat 
optics. (A) Sketch of a metasurface being used to image an input N-photon 
polarization state into an M-spot image. At the top right is a scanning electron 
microscopy image of the fabricated all-dielectric metasurface. Green 
crosses represent photons; purple blocks on the metasurface represent 
nanoresonators. (B) The top image is a sketch of three interleaved gratings 
for M = 6. The middle image shows, with orange arrows, the corresponding 


Fig. 2. Experimental measurement of 
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projective bases as vectors on the Poincaré sphere; black arrows indicate 
the coordinate axes. Shown at the bottom are the minimum number of 
required spots to fully reconstruct the initial quantum state for different 
numbers of photons N, where optimal-frame choice of projective bases 
exists for M = 6, 8, 12, 20, .... (©) An example of correlation measurement 
with N = 2 and M = 6, with several time-frame measurements combined 
into a two-dimensional correlation image. 


heralded single-photon states with the B 
metasurface. (A) Classically characterized 600 
projective bases of the metasurface for 
ports numbered 1 to 6. (B) Accumulated Port 6 
: : ” 400F 
single-photon counts in each of M = 6 = 
output ports versus the angle of a QWP 3 z : 
realizing a photon state transformation 200 zr 
before the metasurface. Experimental Port 1 
data are shown as dots, with error bars 0) 
indicating shot noise. Solid lines represent 1000 
theoretical predictions based on classically = 
measured metasurface transfer matrix. é 
rad, radians. (©) Comparison between the = 500 + Port 5 
prepared (solid line) and reconstructed 38 
(dots) states based on the measurements 
presented in (B), plotted on a Poincaré sphere. ‘ 7 ort 2 
1000 
2 
5 500 Port 3 
oO =z 
= *Port 4 
0 = = 
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number, a measure of error amplification in 
the reconstruction [see part 1 of (23)], is 2.08, 
close to the fundamental theoretical minimum 
of /3~1.73. The reconstruction is immune to 
fabrication imperfections because their effect is 
fully taken into consideration by performing an 
experimental metasurface characterization with 
classical light after the fabrication [see parts 6 
and 10 of (23)]. 
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(96.44% to 99.98%) 


First, we show that our metasurface enables ac- 
curate reconstruction of the quantum-polarization 
state of single photons. A heralded photon source 
is used at a wavelength of 1570.6 nm on the basis of 
spontaneous parametric down conversion (SPDC) 
in anonlinear waveguide [see parts 5, 8, 9, and 11 
of (23) for details]. The heralded single photons 
are initially linearly polarized. They are prepared 


in different polarization states by varying the 


14 September 2018 


QWP angle (rad) 


angle of a quarter-wave plate (QWP), then sent 
to the metasurface, and each diffracted photon 
beam is collected by a fiber-coupled interface 
to the single-photon detectors. By measuring the 
correlations with the master detector, we recon- 
struct the quantum-polarization state from the 
photon counts at the six ports. The results are 
shown in Fig. 2B, where the curves are theo- 
retical predictions and dots are experimental 
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measurements. We observe that the measure- 
ment errors are dominated by the single-photon 
detection shot noise, which is proportional to the 
square root of the photon counts, as indicated by 
the error bars. We use the measured photon 
counts to reconstruct the input single-photon 
states by performing a maximum-likelihood es- 
timation (27) and plot them on a Poincaré sphere 
in Fig. 2C. The reconstructed states present a 


A Photon pair 
generation 


high average fidelity of 99.35% with respect to 
the prepared states. 

Next, we realize two-photon interference, the 
setup of which is conceptually sketched in Fig. 3A. 
The SPDC source generates a photon pair with 
horizontal (H) and vertical (V) polarizations, with 
the path length difference between polarization 
components controllable by a delay line [see part 
12 of (23) for details]. We measure the effect of 


Transformation 


delay on the two-photon interference, analogous 
to the Hong-Ou-Mandel (HOM) experiment (32). 
In such a nontrivially generalized two-photon 
interference, we expect a dip or peak depending 
on the two-by-two transfer matrix Tz, © [Uc, u,]" 
from the two-dimensional polarization state 
vector to a chosen pair of ports, where + denotes 
transpose conjugate and u, and wu, are the pro- 
jective bases of ports a and b, respectively. We 
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Fig. 3. Experimental two-photon interferences and state reconstruction 
with the metasurface. (A) Schematic of the setup, including photon-pair 
generation and pump filtering, a delay line with polarizing beam splitters 
(PBSs) to control the path difference between orthogonally polarized photons 
in a pair, state transformation with a QWP, and state measurement with 

the metasurface using avalanche photodiodes (APDs). (B and C) Quantum 
correlations between ports 1 and 6 (B) with close-to-orthogonal bases and 
ports 1 and 5 (C) with nonorthogonal bases, shown with dots and error bars 
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indicating shot noise. Solid curves represent theoretical predictions. Red 
arrows in the Poincaré spheres denote projective bases of different ports. 
Blue arrows indicate the polarization state of entangled photons, with 
one photon in H and the other in V polarization. (D and F) Representative 
twofold correlation measurements and (E and G) the corresponding 
reconstructed density matrices p labeled “Measured” alongside the 
theoretically predicted states labeled “Predicted” for QWP orientations 

6 = O° [(D) and (E)] and 6 = 375° [(F) and (G)]. 
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note that T,,, corresponds to an effective Hermi- 
tian Hamiltonian only ifu, and uy are orthogo- 
nal, resulting in a conventional HOM dip, whereas 
otherwise, a HOM peak can appear analogous to 
a lossy beam splitter (22). Here we set the angle 
of the QWP at 9 = 0°, which means that the 
photon pairs are in a state p(6 = 0°), where one 
photon is H polarized and another is V polarized. 
As reflected in the Poincaré sphere of Fig. 3B— 
where the red arrows denote projective bases of 
the two ports (u, and u,) and the blue arrows 
represent the polarization of the photon pairs, 
one photon in H and the other in V polarization— 
we see that the state vector u, points in the oppo- 
site direction of ug. We find that, in this case, 
photons with cross-polarized entanglement in 
H-V basis will give rise to a dip in the interfer- 
ence pattern with the variation of path-length 
difference (see Fig. 3B, left). Such a behavior 
is directly caused by the coalescence nature of 
bosons. The situation is quite different if we 
measure such an interference between ports 
a=1and b= 5, because u, and u; are far from 
being orthogonal. This can be seen from the red 
arrows in the Poincaré sphere of Fig. 3C, where 
the angle between the two vectors representing 
u, and u; is much smaller than z. For entangled 
photons with H and V polarization in a pair, in- 
terference under the transfer matrix T;,; leads to 
a peak instead of a dip when varying the path 
difference in the delay line. Indeed, in Fig. 3C 
(left) we observe a peak, which is related to the 
anticoalescence of bosons in transformations 
induced by non-Hermitian Hamiltonians, a non- 
trivial generalization of the HOM interference 
analogous to (22). For details of the theoretical 
predictions and experimental methods, see part 4 
of (23). 

As a following step, we measure all 15 twofold 
nonlocal correlations between the M = 6 outputs 
from the metasurface for a given input state where 
the time delay is fixed to zero. This provides us full 
information to accurately reconstruct the input 
two-photon density matrix. We use two single- 
photon detectors to map out all possible output 
combinations, although this could potentially be 
accomplished even more easily with an EMCCD 
camera. We show representative results for two 
different states p(0 = 0°) and p(@ = 37.5°) in Fig. 3, 
D and E, and Fig. 3, F and G, respectively. Note 
that p(8 = 0°) is a state in which photon pairs 
have cross-polarized entanglement beyond the 
classical limit, yet it is not fully pure [see part 4 
of (23)], providing a suitable test case for recon- 
struction of general mixed states. In Fig. 3D, we 
show the measured twofold correlations for the 
input state p(@ = 0°), and the reconstructed den- 
sity matrix is shown in Fig. 3E. That only the 
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bunched four central elements are nonzero con- 
firms the cross-polarized property of our pho- 
ton pairs in H-V basis. Moreover, the nonzero 
|HVVH) element implies the presence of two- 
photon entanglement. It is smaller compared to 
the diagonal element |HVHV), indicating that 
the polarization state is not fully pure. Although 
p(8 = 0°) only has nonzero elements in the real 
part of the density matrix, we also show the 
measurement and reconstruction of p(0 = 37.5°), 
which contains nontrivial imaginary elements, 
in Fig. 3, F and G. In both cases, we achieve a 
very good agreement between the predicted and 
reconstructed density matrices, as evidenced 
by high fidelity exceeding 95%. The correlation 
counts are obtained by a Gaussian fitting to the 
correlation histogram to remove the background, 
which is less than 10% of the signal for all mea- 
surements shown in Fig. 3F; see details in part 12 
of (23). 

Our results illustrate the manifestation of multi- 
photon quantum interference on metasurfaces. 
We formulate a concept of parallel quantum 
state transformation with metasurfaces, enabling 
single- and multiphoton state measurements 
solely based on the interaction of light with sub- 
wavelength thin nanostructures and nonlocal cor- 
relation measurements without a requirement of 
photon number-resolvable detectors. This pro- 
vides ultimate miniaturization and stability com- 
bined with high accuracy and robustness, as we 
demonstrate experimentally via reconstruction of 
one- and two-photon quantum-polarization states, 
including the amplitude, phase, coherence, and 
quantum entanglement. In general, our approach 
is particularly suitable for imaging-based mea- 
surements of multiphoton polarization states, 
where the metasurface can act as a quantum lens 
to transform the photons to a suitable format for 
the camera to recognize and retrieve more in- 
formation. Furthermore, there is the potential to 
capture other degrees of freedom associated with 
spatially varying polarization states for the manip- 
ulation and measurement of high-dimensional 
quantum states of light, with applications in- 
cluding free-space communications and quan- 
tum imaging. 
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FOREST ECOLOGY 


Classifying drivers of global 


forest loss 


Philip G. Curtis’*, Christy M. Slay’, Nancy L. Harris”, 


Alexandra Tyukavina*, Matthew C. Hansen® 


Global maps of forest loss depict the scale and magnitude of forest disturbance, yet 
companies, governments, and nongovernmental organizations need to distinguish 
permanent conversion (i.e., deforestation) from temporary loss from forestry or wildfire. 
Using satellite imagery, we developed a forest loss classification model to determine a 
spatial attribution of forest disturbance to the dominant drivers of land cover and land use 
change over the period 2001 to 2015. Our results indicate that 27% of global forest loss 
can be attributed to deforestation through permanent land use change for commodity 
production. The remaining areas maintained the same land use over 15 years; in those 
areas, loss was attributed to forestry (26%), shifting agriculture (24%), and wildfire 
(23%). Despite corporate commitments, the rate of commodity-driven deforestation has 
not declined. To end deforestation, companies must eliminate 5 million hectares of 


conversion from supply chains each year. 


eaders of nearly 450 companies recently 

committed to zero deforestation in their 

supply chains by 2020 to meet consumer 

demand for deforestation-free products and 

to improve corporate social responsibility 
(1). Achieving these commitments requires trans- 
parency of complex supply chains for agricultural 
and forest products whose source locations are 
obscured by multiple aggregators and distribu- 
tors (2). Large, multinational companies cannot 
determine the source of their supply beyond the 
location of their direct supplier, usually a distribu- 
tor; this reduces the effectiveness of deforestation 
attribution and undermines a company’s ability 
to take concrete action. 

Companies, nongovernmental organizations, 
and governments are looking increasingly to 
data, maps, and tools to provide visibility on 
deforestation risk. Published maps of tree cover 
loss and gain derived from Landsat satellite ob- 
servations (3) were a major step forward in con- 
sistent and transparent forest area change 
monitoring at a global scale. The launch of the 
online Global Forest Watch platform (4) extended 
the use and access of these data beyond the 
scientific community to include decision makers 
from governments, companies, and civil society 
organizations working to design and implement 
more effective forest policies. 

However, the Hansen et al. dataset (3), up- 
dated annually on Global Forest Watch, does 
not distinguish permanent forest conversion 
associated with a change in land use [i.e., de- 
forestation (5)] from other forms of forest dis- 
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turbance that may be associated with subsequent 
regrowth (i.e., forestry, shifting cultivation, wild- 
fire). This not only limits its utility for corporate 
decision-makers but also generates confusion 
when global forest cover change statistics derived 
from satellite imagery are compared directly 
against global land use change statistics as re- 
ported by governments in their national inven- 
tories (6). Deforestation involves the abrupt 
transition from land with trees to land without 
trees with no subsequent regrowth; loss of forest 
cover can also be associated with events such as 


- § 


Commodity-driven Deforestation 


Wildfire 


Shifting Agriculture 


wildfires, or with direct human-induced land 
use and land management practices such as 
clearcutting or selective logging, plantation for- 
estry, smallholder agroforestry systems, or tran- 
sitional subsistence farming due to shifting 
cultivation practices. As improvements in the 
spatial and temporal resolution of satellite im- 
agery enable detection of smaller and more 
subtle changes to Earth’s land surface relative 
to results from earlier monitoring efforts (7, 8), 
more nuance is required in the attribution of 
global forest change dynamics. 

Using high-resolution Google Earth imagery 
to visually classify nearly 5000 training sample 
cells, we developed a decision-tree model that 
predicts the most likely cause of forest distur- 
bance at any 10 km x 10 km grid cell around the 
world since the year 2000 (9). Categories were 
assigned according to dominant disturbance 
type (Fig. 1), with each representing a different 
forest and land use dynamic: (i) commodity- 
driven deforestation, defined by the long-term, 
permanent conversion of forest and shrubland 
to a nonforest land use such as agriculture (in- 
cluding oil palm), mining, or energy infrastruc- 
ture; (ii) shifting agriculture, defined as small- to 
medium-scale forest and shrubland conver- 
sion for agriculture that is later abandoned and 
followed by subsequent forest regrowth; (iii) 
forestry, defined as large-scale forestry operations 
occurring within managed forests and tree 
plantations with evidence of forest regrowth in 
subsequent years; (iv) wildfire, defined as large- 
scale forest loss resulting from the burning of 
forest vegetation with no visible human conver- 
sion or agricultural activity afterward; and (v) 
urbanization, defined as forest and shrubland 


‘Sa eN 
Urbanization 


Fig. 1. Representative examples of Google Earth imagery used to train the forest loss classifi- 
cation model. See (9) for more examples of training imagery. 
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conversion for the expansion and intensification 
of existing urban centers. Although urbaniza- 
tion is considered a form of deforestation, we 
included it as a separate class both to highlight 
the loss of forest in lands typically considered 
to be under urban use and because the set of 
actors responsible for clearing urban areas is 
distinct from those responsible for clearing forests 
for commodity production. We considered only 
direct drivers of forest disturbance, and we did 
not attempt to link these to underlying drivers 
such as demographic pressures or economic 
markets (J0). A separate validation sample of 
1565 randomly selected 10 x 10 grid cells was 
used to estimate map accuracy and proportions 
of the five disturbance types from the total forest 
disturbance area, both globally and by region. 
Globally, 27 + 5% of all forest disturbance 
between 2001 and 2015 was associated with 
commodity-driven deforestation (Table 1 and 
Fig. 2). The rate of deforestation remained steady 
across the 15-year period analyzed at approxi- 
mately 5 Mha year” (Fig. 3A) with a geographic 
shift away from Brazil toward tropical forests 
elsewhere in Latin America and Southeast Asia 
(Fig. 3B). Beyond deforestation, forestry rep- 
resented 26 + 4% of total forest disturbance 
(Table 1), followed by shifting agriculture (24 + 
3%) and wildfire (23 + 4%). An additional 0.6 + 
0.3% of forest loss was attributed to the intensifi- 
cation and expansion of urban centers. The driver 
attribution model’s overall accuracy was 89%, 
with individual class accuracies ranging from 55% 
(urbanization) to 94% (deforestation) (table S4). 
Drivers of forest loss varied regionally (Fig. 2). 
In temperate and boreal forests, forestry and 
wildfire were the dominant disturbance factors; 
in tropical regions, shifting agriculture and 
commodity-driven deforestation were preeminent. 
In the Southeast Asian countries of Indonesia 
and Malaysia, we identified widespread de- 
forestation for agricultural expansion through 


visual evidence of oil palm plantations. Across 
Central and South America, forests were con- 
verted to row crop agriculture and cattle grazing 
lands. Shifting agriculture was the dominant 
driver in sub-Saharan Africa. 

The forestry class in Fig. 2 explicitly maps 
sourcing regions for the global forest products 
industry. These are concentrated in North 
America, Europe, Russia, China, southern Brazil, 
Chile, South Africa, and Australia. Most for- 
estry activities in South America, the United 
States, Europe, China, South Africa, and Australia 
showed signs of tree plantations, as evidenced 
by distinct rows of planted trees, whereas for- 
estry activity in Canada and Russia contained 
predominantly large clearcuts without visibly 
distinct plantation rows (figs. S3 to $5). In 
Southeast Asia, most forestry activity took the 
form of low-intensity selective logging, especially 
on the island of Borneo. All forms of forestry 
were characterized by a dominant forest re- 
growth signal in the years following loss. 

Wildfire was a dominant cause of forest dis- 
turbance in North America and Russia (Table 1 
and Fig. 2). Wildfires in these regions were char- 
acterized by large areas of forest burned in a 
single year, then regenerating gradually over 
time (fig. S5). This driver was also differentiated 
from the others by the large disturbance size 
and low population density typically associated 
with wildfire events. 

Other disturbances leading to forest loss (such 
as insect outbreaks, wind and ice storms, flooding, 
or rivers changing course) were not included 
in our model. However, only 1% of all model 
validation sample cells were attributed to a 
cause other than the five included in our anal- 
ysis. We conclude that these other forms of 
disturbance are highly localized and temporally 
restricted phenomena. 

Forest loss due to urbanization represented 
a small fraction (0.6 + 0.3%) of total loss. More 


than two-thirds of this loss occurred in the 
eastern United States, and the remainder was 
associated with expanding cities in China, Brazil, 
Indonesia, and Australia, as well as considerable 
low-density expansion across sub-Saharan Africa. 

Regional class accuracies (tables S5 and S6) 
reflect the extent to which our model could dis- 
tinguish differences in regional land use and 
land management patterns. Confusion among 
classes occurred when spatial land use patterns 
in a region were not sufficiently distinct from 
one another or when there were too few areas 
of a given class within a region to be adequately 
represented in a training sample. For example, 
forestry was associated with a distinct set of 
spatial patterns in North America, and thus the 
producer’s accuracy (i.e., absence of errors of 
omission) was high (96%) for this class and re- 
gion, whereas forestry in Southeast Asia showed 
less distinct patterns of tree harvesting and re- 
growth, resulting in a lower producer’s accuracy 
(78%) for this class and region (table S6). Forest 
plantations in Southeast Asia contained patterns 
of loss and regrowth similar to those seen with 
the expansion of new agricultural oil palm plan- 
tations categorized within the commodity-driven 
deforestation class. This was particularly true 
for small-scale palm plantations that are planted 
and grown at roughly the same spatial and tem- 
poral scale as short-rotation wood fiber plan- 
tations (fig. S3). In sub-Saharan Africa, shifting 
agriculture is a widespread driver of forest dis- 
turbance (Fig. 2). Spatial patterns that distin- 
guish this class include small size of clearings; 
the presence, timing, size, pattern, and location 
of human-induced fire; and the eventual re- 
generation of forest vegetation to a degraded 
secondary state. However, spatial patterns of 
commodity-driven deforestation in this region 
appear almost identical to shifting agriculture, 
but without the distinctive regrowth signal (fig. 
86). The similarity in spatial patterns between 


Table 1. Disaggregation of global and regional tree cover loss by driver for the period 2001 to 2015. Map-based estimates are based on Global Forest 
Watch data (3) and a driver of tree cover loss from the current study. Sample-based estimates are based on the validation sample of 1565 randomly selected 
10 x 10 grid cells from the current study. Uncertainty of sample-based estimates represents a 95% confidence interval. 
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these two classes resulted in low model accu- 
racy for the commodity-driven deforestation 
class in Africa; much of the commodity-driven 
deforestation was misclassified as shifting agri- 
culture (table S6). In northern forests, particu- 
larly Russia, there are locations where wildfires 
spread through previously logged areas or where 
logging occurred after a fire event (fig. S5). In 
these cases, attributing a single driver to such 
areas proved difficult because patterns indica- 
tive of multiple drivers were present in the same 
cell, albeit in different years within the time 
period analyzed (2001-2015). 

The global scope of our analysis was designed 
to assist corporations in identifying wood fiber 
source regions and regions of deforestation due 
to commodity agriculture. Although we accurately 
mapped dominant classes of forest disturbance 


globally, opportunities remain to disaggregate 
landscapes further at regional and local scales. 
For example, we did not map changes in forest 
condition through time in landscapes domi- 
nated by shifting agriculture; further differentia- 
tion of primary from secondary forest clearing 
within this land-use class could improve our 
understanding of the differences between defor- 
estation and degradation impacts (71). Differ- 
entiating key drivers such as row crops from 
pasturelands in South America, or tree planta- 
tions from disturbed natural forests in Southeast 
Asia (12), would allow for more specific supply 
chain analyses to identify corporate risk and re- 
sponsibility from commodity-driven deforestation. 

Our methodology serves as a hybrid between 
the accuracy and statistically unbiased estimates 
achieved through a sample-based approach, as 


favored by academic researchers (13, 14), and 
the spatial comprehensiveness of a wall-to-wall 
mapping approach (3) preferred by a wider var- 
iety of practitioners and forest stakeholders. 
The results identify where deforestation is oc- 
curring; perhaps as important, they show where 
forest loss is not deforestation. For most regions 
and drivers, the map output can be used di- 
rectly to quantify the proportion of forest loss 
caused by each driver, because map-based esti- 
mates fall within the confidence intervals of 
sample-based estimates (table S7). Wildfire was 
associated with nearly one-fourth of the world’s 
forest loss; this type of loss is not likely to be 
reduced easily through management interven- 
tion. In contrast, deforestation across Central 
and South America, Africa, and Southeast Asia 
should be the geographic focus of corporate 
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Fig. 3. Annual deforestation rates. (A) Annual worldwide tree cover loss from commodity-driven deforestation between 2001 and 2015. (B) Comparison of 
annual commodity-driven deforestation in Brazil and the rest of the world between 2001 and 2015. 
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efforts to eliminate deforestation from supply 
chains, as well as international policies designed 
to reduce greenhouse gas emissions from de- 
forestation and forest degradation (15). 

Our results indicate that policies designed to 
achieve zero-deforestation commitments are not 
being adopted or implemented at the pace 
needed to meet 2020 goals (Fig. 3). In regions 
dominated by forestry, felled trees enter wood 
and fiber supply chains including paper, packag- 
ing, and forest products. These areas should not 
be included in the monitoring of zero-deforestation 
commitments because they are not undergoing 
deforestation, as defined by a change in land 
use that prevents subsequent forest regrowth. 
Instead, companies and governments can use 
Fig. 2 as a wood fiber sourcing map to target 
priority areas for certification efforts and supply 
chain traceability. Identifying regions dominated 
by shifting agriculture may be important for 
identifying the extent to which this land use 
contributes to forest degradation, and for food 
supply chains where sourcing from smallholder 
farmers is often a priority, but where slash-and- 
burn practices may be leading to undesirable 
impacts and corporate risk. Finally, our analysis 
contributes to a more informed discussion about 
forest conservation, restoration, and manage- 
ment options globally by providing an enhanced 
experience for the more than 2 million users of 
the Global Forest Watch platform to understand 
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what is driving forest change around the world, 
thus preventing a common misperception that 
any tree cover loss shown on the map represents 
deforestation (16). 
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Glutamate triggers long-distance, 
calcium-based plant defense signaling 


Masatsugu Toyota’”**, Dirk Spencer}, Satoe Sawai-Toyota”+, Wang Jiaqi’, Tong Zhang“, 
Abraham J. Koo**, Gregg A. Howe®’, Simon Gilroy”* 


Animals require rapid, long-range molecular signaling networks to integrate sensing and response 
throughout their bodies. The amino acid glutamate acts as an excitatory neurotransmitter in the 
vertebrate central nervous system, facilitating long-range information exchange via activation of 
glutamate receptor channels. Similarly, plants sense local signals, such as herbivore attack, and transmit 
this information throughout the plant body to rapidly activate defense responses in undamaged parts. 
Here we show that glutamate is a wound signal in plants. lon channels of the GLUTAMATE RECEPTOR-— 
LIKE family act as sensors that convert this signal into an increase in intracellular calcium ion 
concentration that propagates to distant organs, where defense responses are then induced. 


lants respond within minutes to stresses 
such as wounding with both local and 
system-wide reactions that prime non- 
damaged regions to mount defenses. For 
herbivory, production of the defense hor- 
mone jasmonic acid (JA) and accumulation of 
toxic, repellent, or digestibility-reducing com- 
pounds all aid in deterring future attacks (1). 
Reactive oxygen species, electrical signals, and 
changes in cytosolic Ca”* concentration ([Ca”"].y) 


Fig. 1. Wounding triggers long-distance 
transmission of [Ca?*]oyt increases and 
systemic defense responses. (A) Caterpillar 
dashed outline) feeding (white arrow) 
caused local [GaP ex increases 

red arrowhead) that propagated toward 
younger leaves (yellow arrowheads). 

B) Cutting leaf 1 (L1, white arrow, O s) 
caused a local [Car Jet increase 

red arrowhead) that propagated 

toward target distal leaves (yellow 
arrowheads), e.g., leaf 6 (L6), 

but not to nontarget leaves such as 

L5. (C to E) [Ca?*].y: signature (C), 
defense gene induction (D), and JA and 
JA-lle accumulation (E). N = 10 (C), 

N = 6(D), and N = 3 (E) separate 
experiments. Error bars, mean + SE. 

*P < 0.05 leaf 6 versus 5. Scale bars, 
1mm (A) or 5 mm (B). 
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are thought to form signaling networks support- 
ing both local and systemic defense responses 
[reviewed in (2)]. The electrical component is 
dependent on glutamate receptor-like (GLR) 
proteins (3-5), a family of cation-permeable ion 
channels that function in plant processes ranging 
from pathogen defense to root growth [reviewed 
in (6)]. Here we asked how GLRs are triggered by 
wounding and how subsequent Ca?*-related signal- 
ing events operate to mediate systemic defense. 
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Caterpillar feeding on an Arabidopsis plant 
expressing the GCaMP3 fluorescent protein- 
based [Ca Joyt sensor (7) revealed an increase in 
[Ca Joye at the herbivory site within 2 s that 
was transmitted over 1 to 2 min to distal leaves 
(Fig. 1A and movie S1). The spread was most 
evident in the vasculature, especially once the 
caterpillar severed a major vein. This [Ca”*loyt 
signal moved from older to younger leaves and 
vice versa (fig. S1 and movie S2). Wounding with 
scissors also caused a rapid [Ca Joye increase that 
propagated to distal leaves (Fig. 1B, fig. S2, and 
movie S3), indicating that herbivore chemical 
signals are not required. Mechanical wounding 
in leaf n [leaves numbered from oldest to youngest; 
fig. S3 (3)] led to [CaP "Ts changes preferentially 
propagating to leaves n + 3 and n + 5 (table SI), 
paralleling previously defined patterns of wound- 
activated surface potential changes [WASPs (3)]. 

We wounded leaf 1 and monitored systemic 
responses in the “target” leaf 6 and “nontarget” 
leaf 5 to characterize this system. Upon wounding 
leaf 1, a [Ca Joye increase propagated at 1089 + 
141 um/s to leaf 6 (Fig. 1C and fig. S4), where a 
subsequent Ca”* increase spread across the organ 
(movies S3 and S4), expression of defense marker 
genes increased (Fig. 1D and fig. S5), and JA and 
JA-Ile accumulated (Fig. 1E). The [Ca”*].y; increase 
velocity mirrors that of both WASPs (3) and a 
postulated systemic jasmonate production trigger 
(8, 9). Phloem can transport long-distance signals 


[Ca**]oyt 


low 


A OPR3 E x 


B 
fo) 
| 


0 0 
0 10 20 30 50 60 
time after wounding (min) 


1 of 4 


8L0z ‘E}| sequejdes uo /fio Beweousios'sousl0s//:dijy Wo papeojuMOGg 


RESEARCH | REPORT 


A Os 60s 


(0, 12); visualizing [Cay in phloem and com- 
panion cells using the SUC2 promoter to selec- 
tively express GCaMP3 in these tissues revealed 
[Ca”* oye phloem signal propagation at 996 + 
207 um/s (Fig. 2A, fig. S6, and movie S5). Pre- 
treating the petiole of the wounded leaf with 
the Ca?* channel inhibitor La®* prevented both 
export of the [Ca axe increase (fig. S7) and sys- 
temic induction of wound-related marker genes 
(fig. S7D), suggesting that propagation of the 
[Ca Jot change is required for induction of 
systemic responses. 

The propagating [Cars increase slowed 
when spreading across the target leaf (fig. S8 
and movies S3 and S4). We hypothesized that 
this phase of transmission might be propagated 
through plasmodesmata [(PD) (12)]. Overexpression 
of PLASMODESMATA-LOCATED PROTEIN 5 
(PDLP5) and knockout of PD-associated B-1,3- 
glucanase both impair PD conductance (13, 14); 
whereas neither of these disrupted the rapid 
leaf-to-leaf transmission of the [Ca Teg. increase, 
both limited the subsequent spread in target 
leaves to regions adjacent to the vasculature 
(Fig. 2, B and C, fig. S9, and movie S6). Wound- 
induced systemic gene expression was also 
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low. Fig. 2. Transmission of [Ca?*]oyt increases through the phloem and 
plasmodesmata. (A)Phloem-specific Ca** imaging in target leaf 6 upon 
mechanical wounding of leaf 1 (O s). (B) [Car laa increases in leaf 6 of wild- 
type (WT) and PDLP5 overexpression (OE) lines after cutting leaf 1 (0 s). 
(C) [Ca?* Joye change in leaf 6 of wild-type and PDLP5 OE and (D) defense gene 
induction in leaf 5 and 6 after cutting leaf 1 in PDLP5 OE. The wild-type data 
from leaf 6 in Fig. 1, C and D, are reproduced (gray lines) to aid in comparison. 
Error bars, mean + SE. N > 7 separate experiments. *P < 0.05. Scale bars, 1 mm. 


Os 60s 300s Fig. 3. GLR3.3 and 
GLR3.6 support long- 


distance transmission of 
[Ca?*].yt increases. 

A) Cutting leaf 1 (L1; white 
arrow, O s) caused local 
[Ca**].yt increases (red 
arrowheads) that were not 

: propagated toward distal 

Cc eaves in gir3.3 gir3.6. 

ix | (B) [Ca?*]oyt in the target 
eaf 6 (L6) of wild-type, 
gir3.3 gir3.6 mutants, 
and its rescued line. Error 
bars, mean + SE. N > 7 
separate experiments. 
Wild-type data from 
Fig. 1C are reproduced 
to aid in comparison. 

(C) Wound-induced [Ca?*]oyt 
in L6 of gir3.3 gir3.6 
PGLR3.6::GLR3.6-EGFP 
lines. (D) Localization of 
GLR3.3 and (E) GLR3.6 in 
longitudinal sections of 
leaf petioles (see also 

fig. S11 for transverse 
section). Green, GFP; red, 
autofluorescence; blue, 
callose (aniline blue 
staining) showing sieve 
plate. Scale bars, 2 mm (A), 
5 um [(D) and (E)]. 
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Fig. 4. Apoplastic Glu triggers systemic [Ca?*]oyt changes and defense responses. (A) Application 
of 100 mM Glu (white arrow, O s) caused transmission of [Ca**]oye increases to almost all leaves in 
wild type but not in the gir3.3 gir3.6 mutants. (B and C) [Ca?*]oyt (B) and defense gene induction (C) 
in leaf 6 after 100 mM Glu or sorbitol application to leaf 1. (D) [Glu],,. levels using iGluSnFR. Cutting 
leaf 1 (arrow, O s) caused an immediate increase in [GluJapo at the wound, which gradually spread 
throughout the leaf. (E) iGluSnFR signals at the cut surface and 1 mm from the wound site (initial 
changes shown magnified in inset). Error bars, mean + SE. N > 5 (B), N > 4 (C), and N = 11 (E) separate 
experiments. Letters a, b denote statistical differences (P < 0.05). Scale bars, 5 mm (A) or 1 mm (D). 


disrupted (Fig. 2D), reinforcing the likely role 
of PD in the spread of the [Ca? Tey increase and 
triggering of the systemic response through tar- 
get leaves. 

Rapid propagation of systemic electrical sig- 
nals depends upon GLR ion channel family mem- 
bers GLR3.3 and GLR3.6 (3-5); glr3.3 and gir3.6 
single mutants showed altered kinetics of the 
propagating [Ca ]eyt signal, with g/r3.6 exhibiting 
the most severe reduction (fig. $10). Propagation 
was completely inhibited in the gir3.3 gi73.6 double 


mutant (Fig. 3 and movie $7), but this response 


Toyota et al., Science 361, 1112-1115 (2018) 


was restored to nearly wild-type levels by driving 
GLR3.6 expression in this line (Fig. 3, B and C, 
and movie S8), confirming the link between GLR 
function and propagation of the [Caley increase. 

GLR3.3 is ubiquitously expressed in roots, in- 
cluding the vasculature (15), and expressing 
DPGLR3.3::GLR3.3-EGFP (enhanced green fluores- 
cent protein) in the g/r3.3 background [pGLR3.3:: 
GLR3.3-EGFP functionally rescues gir3.3 knock- 
out phenotypes (75)] showed that GLR3.3 is localized 
to the phloem in leaves (Fig. 3D and fig. S11), 
consistent with a role of sieve tube Ca?* channels 
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in wounding responses (16). By contrast, expres- 
sing pGLR3.6::GLR3.6-EGFP in the gir3.6 mutant 
(where it also rescues the knockout phenotype; 
Fig. 3, B and C) showed localization to the contact 
cells of the xylem parenchyma (Fig. 3E and fig. S11). 
These same cells show expression of the lipoxy- 
genase isoform (LOX6) responsible for wound- 
related systemic jasmonate production (17). The 
observation that the two GLRs supporting long- 
distance [Ca?*]y signaling are expressed in distinct 
locations suggests either that there may be chemical 
or electrical coupling between these cell types, or that 
two parallel but independent pathways exist for the 
wound signal in phloem and xylem parenchyma. 

The GLRs are gated by amino acids [reviewed 
in (6)]; application of 100 mM 1-Glu, but not other 
amino acids or sorbitol (osmotic control), resulted 
in plant-wide GLR3.3/GLR3.6-dependent systemic 
[CaP 16 increases (Fig. 4, A and B, fig. S12, and 
movies S9 and S10) and defense gene induction 
(Fig. 4C and fig. S13). Applying less 1-Glu restricted the 
extent of systemic [Cay increase; e.g., applying 
50 mM 1-Glu mimicked Ca’* increases observed with 
wounding (compare fig. S12, B and C, and table S1). 

To determine whether apoplastic Glu concen- 
tration ([Glu],,.) was increased by wounding, 
we targeted the GFP-based Glu sensor iGluSnFR 
(18) to the cell wall (fig. S14 and movie S11). Upon 
wounding, the iGluSnFR signal increased locally 
at the cut region (Fig. 4, D and E, and movie S12), 
mirroring [Ca”*],,, dynamics at this site (fig. SI5A). 
In vivo calibrations (fig. S14, C to E) suggested that 
[Glu]apo reached ~50 mM at the damaged site, con- 
sistent with reports that resting [Glu], is ~1 mM 
(19) and that releasable symplastic [Glu] in, e.g., 
the phloem is ~10 to 50 mM (20, 27). With greater 
leaf damage (hemostat crushing), Glu release to 
the apoplast was more extensive (fig. SI5B and 
movie S13) and more distal leaves showed changes 
in [Ca”*],: (table S1). Thus, the plant could tailor the 
extent of its systemic defense response to the se- 
verity of damage, possibly by adjusting [Glu], 
produced at the wound site(s). 

Peptides, oligogalacturonides (OGs), adenosine 

‘triphosphate (ATP), and high mobility group 

(HMG) box domain-containing proteins have all 
been proposed as plant damage-associated mo- 
lecular patterns (DAMPs), ie., molecular elicitors of 
defense released upon wounding (22). We show 
here that Glu is also a DAMP, either leaking from 
damaged cells or actively released upon wounding. 
This Glu activates GLR ion channels, eliciting de- 
fense signal propagation through altered [Ca”*]., 
with the vasculature as one key highway for trans- 
mission between organs. Despite links between 
the action of DAMPS to defense and Ca”* signaling 
(22), application of neither OG nor the pathogen 
defense elicitor flg22 initiated systemic [Cay 
increases (fig. S16), suggesting that Glu may be 
a critical signal in long-distance propagation of 
wound signaling events. 
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MIGRATION 


A continental system for forecasting 


bird migration 


Benjamin M. Van Doren™ and Kyle G. Horton” 


Billions of animals cross the globe each year during seasonal migrations, but efforts to monitor them 
are hampered by the unpredictability of their movements. We developed a bird migration forecast 
system at a continental scale by leveraging 23 years of spring observations to identify associations 
between atmospheric conditions and bird migration intensity. Our models explained up to 81% of 
variation in migration intensity across the United States at altitudes of O to 3000 meters, and 
performance remained high in forecasting events 1 to 7 days in advance (62 to 76% of variation was 
explained). Avian migratory movements across the United States likely exceed 500 million 
individuals per night during peak passage. Bird migration forecasts will reduce collisions with 
buildings, airplanes, and wind turbines; inform a variety of monitoring efforts; and engage the public. 


illions of birds migrate between distant 
breeding and wintering sites each year, 
through landscapes and airspaces increas- 
ingly transformed by humans. Hundreds 
of millions die annually from collisions 
with buildings, automobiles, and energy installa- 
tions (J), and light pollution exacerbates these ef- 
fects (2). Pulses of intense migration interspersed 
with periods of low activity characterize birds’ 
movements aloft (3, 4), and efforts to reduce negative 
effects on migrants (e.g., turning off lights and wind 
turbines at strategic times) (5) would be most 
effective if they targeted the few nights with intense 
migratory pulses. However, bird movements are 
challenging to predict days or even hours in advance. 
For decades, scientists have studied the drivers 
of avian migration. Winds, temperature, baromet- 
ric pressure, and precipitation play key roles 
(6-8). However, such general relationships have 
not produced migration forecasts accurate at both 
broad continental extents and fine spatial and tem- 
poral resolutions (9, 10). Local topography, regional 
geography, and time of season modify relationships 
between conditions and migration intensity, and 
hundreds of species with diverse behaviors fre- 
quently pass over a single location during migration. 
The complex interactions between environmental 
conditions and animal behavior make predicting 
bird migration at the assemblage level a challenge. 
One major difficulty has been amassing behav- 
ioral data that appropriately characterize bird mi- 
gration at a continental scale. Radar, used globally 
as a tool to study animal migration (3, 11-14), 
offers a realistic solution to monitor hundreds of 
species (15). In the continental United States, the 
Next Generation Weather Radar (NEXRAD) net- 
work comprises 143 weather surveillance radars 
(6) and an archive with more than two decades 
of data. Although designed for meteorological ap- 
plications, these radars measure energy reflected 
by a diversity of aerial targets, including birds. 
Only recently have advances in computational 
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methods [e.g., (17)] facilitated the use of the entire 
radar archive for longitudinal studies of bird mi- 
gration at continental scales. 

Using the NEXRAD archive, we quantified 
23 years (1995 to 2017) of spring nocturnal bird 
migration across the United States (Fig. 1). We 
developed a classifier to eliminate radar scans 
contaminated with precipitation. We then trained 
gradient-boosted trees (18) to predict bird migra- 
tion intensity from atmospheric conditions re- 
ported by the North American Regional Reanalysis 
(19). Our model used 12 predictors, including 


winds, air temperature, barometric pressure, and 
relative humidity (fig. S1), which we used to pre- 
dict a cube-root-transformed index of migration 
intensity (expressed in square centimeters per 
cubic kilometer). The cube-root transform reduces 
skewness but is less extreme than a log trans- 
formation, which would have given considerable 
weight to biologically unimportant differences 
between small values. We measured migration 
intensity in 100-m altitude bins up to 3 km to 
model the three-dimensional distribution of mi- 
grating birds over the continent. To express migra- 
tion intensities in numbers of birds, we assumed a 
radar cross section per bird of 11 cm?. The radar 
cross section is a measure of reflected energy; this 
value is typical of medium-sized songbirds and 
representative of migratory species (12). 

Our migration forecast model explained 78.9% 
of variation in migration intensity over the 
United States (Figs. 2 and 3A). Performance was 
consistent across years (mean yearly coefficient of 
determination R? = 0.781 + 0.010 SD). We quantified 
the importance of each predictor by calculating 
gain, a measure of how much predictions improve 
by adding a given variable. Air temperature was 
most important, with an average gain more than 
three times that of the second-ranked predictor, date 
(fig. S2). High temperatures coincided with large 
migration pulses (Fig. 4 and figs. S3 and S4). As a 
predictor of bird migration, temperature likely 
plays a dual role as an index of spring phenology 
and a short-term signal for movement, as favorable 


Step 1. Quantify migration intensity at 143 weather radar stations 
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Step 2. Learn associations with weather conditions 


Temperature Pressure 


Gy Gy 


N/S wind E/W wind 


Cy Gr 


Observed migration 


Gradient-boosted 
regression tree model 


KR LARD 


Step 3. Make predictions using weather forecasts 


Predictive model 


nie Oe ip 


Weather forecast (e.g. 24-h) 


eee md 


Bird migration forecast 


Altitude (km 


Migration 


nn 0 


low a: Bird density 


Fig. 1. Methodology for generating migration forecasts. We used weather surveillance radars to quantify 
23 years of spring bird migration, modeled migration intensity as a function of observed atmospheric 
conditions, and used this model to forecast future migration events under predicted weather conditions. 
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southerly winds usually accompany warmer air 
masses. Other important predictors included al- 
titude, longitude, surface pressure, latitude, and 
wind (fig. $2). 

The model provides informative predictions 
several days in advance. We evaluated its utility 
as a true forecast system with archived weather 
forecasts from the North American Mesoscale 
Forecast System (NAM) and Global Forecast 
System (GFS). NAM has higher spatial resolution 
but is a shorter-range forecast (12-km grid, 3-day 
range) than GFS (0.5° grid, >7-day range). We 
made predictions up to 3 days in advance with 
NAM and up to 7 days in advance with GFS, ex- 
pecting performance to degrade with time because 
of the decreasing accuracy of longer-range weather 
forecasts. Predictions on the basis of 24-hour NAM 
forecasts explained 75% of variation in migration 
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intensity, 3-day NAM forecasts explained 71%, and 
7-day GFS forecasts explained 62% (fig. S5). 

The model captures patterns of bird migration 
across the United States with high spatial accura- 
cy, particularly in the central and eastern regions 
(fig. S6). We evaluated spatial accuracy over areas 
without radar coverage by iteratively removing the 
data from each radar station, retraining the model 
on the remaining data, and testing performance 
on the withheld station. Median R® for withheld 
stations was 0.72, and R? was 0.60 or higher for 
75% of stations (fig. S7). Spatial variation in 
performance likely stems from local influences 
on migratory behavior (e.g., topography), which 
our model did not explicitly incorporate. 

Previous research suggests that migration be- 
havior and weather conditions in the days imme- 
diately preceding a migration event can predict 
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its intensity [e.g., (10)]. We found that including 
atmospheric data from the preceding night and 
24-hour changes in conditions did improve per- 
formance, but not markedly. A model that included 
atmospheric conditions 24 hours before an event 
explained 80.1% of variation in migration intensity, 
and further including observed migration intensity 
from the previous night increased R? to 81.3%. 
Finally, we used model predictions to estimate 
the total number of birds actively migrating each 
night across the United States. Summing predic- 
tions countrywide, we infer that nightly move- 
ments frequently exceed 200 million birds (Fig. 3B). 
Peak passage occurred in the first half of May, 
when the median predicted movement size was 
422 million birds per night. Although our model 
tended to underpredict the largest observed move- 
ments (Fig. 3A), a conservative forecast system 


Fig. 2. Migration forecasts and 
corresponding observed migration. 
(A) Countrywide migration forecast 
surfaces showing predicted mean 
migration intensity across altitudes. 
(B) Altitudinal profiles at four stations, 
showing predicted and observed 
intensity values. (©) Mean migration 
intensity observed at all radar stations. 
Gray circles indicate stations where 
migration intensity could not be 
measured because of precipitation. 


Fig. 3. Accuracy of forecasts and nightly 
continental predictions. (A) Mean 
predicted and observed migration 
intensities for test data, with points 
colored by observed migration intensity 

(y axis). The scatterplot shows values 
after averaging across altitudes. 

Shading shows empirical 90% prediction 
intervals, which covered 90.5% of 
observed values. (B) Nightly peak 
migration magnitude estimated across 
the continental United States for 2008 to 
2017. The size of migratory movements 
varied markedly from night to night 
during the peak of the migration season. 
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Fig. 4. Migration intensity predictions by 
air temperature and date. (A) Heat map 
colors show migration intensity predictions 
for dates and air temperature values. 

Each data point on the scatterplot behind 
the heat map represents data for one night 
from one radar. Only well-supported 
predictions and corresponding data points 
are shown (the outer 10% of temperature 
and date values are excluded). Temperature 
values correspond to air temperatures 

at altitudes up to 3000 m. (B) Cross 
sections of model predictions for three 
spring dates. For a given date, the model 
predicts migration intensity to vary closely 
with temperature. Fewer observations 
correspond to cold temperatures later in 

the season. 


decreases the risk of taking unneeded mitigation 
action. More accurately predicting the largest 
migration events may require explicit modeling 
of migrant flow across the continent, including 
responses to topographical features (20). 

Migration forecasts will further ecological re- 
search while aiding monitoring and mortality mit- 
igation efforts. Accurate predictions can inform 
decisions to temporarily shut down lights and 
wind turbines, halt gas flares, choose airplane 
flight paths, and take other actions to prevent 
human and avian mortality (0, 27). Global health 
workers monitoring avian-borne diseases can use 
migration forecasts to anticipate bird movements. 
Further integration of large citizen science datasets 
with radar observations will provide the means to 
study species-specific patterns of behavior at a large 
scale (22), and studying local variation in migratory 
behavior will lead to more accurate models of atmo- 
spheric bird distributions (23). Migration forecast 
systems have great potential to aid environmental 
monitoring and conservation efforts; fully realiz- 
ing this potential will require the cooperation not 
just of scientists but also of governments and 
agencies that produce and disseminate radar 
products (27). 
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PROTEIN TARGETING 


An ER surface retrieval pathway 
safeguards the import of mitochondrial 
membrane proteins in yeast 


Katja G. Hansen’, Naama Aviram?*+, Janina Laborenz', Chen Bibi”, Maren Meyer’, 
Anne Spang”, Maya Schuldiner”+, Johannes M. Herrmann’t+ 


The majority of organellar proteins are translated on cytosolic ribosomes and must be sorted 
correctly to function. Targeting routes have been identified for organelles such as peroxisomes 
and the endoplasmic reticulum (ER). However, little is known about the initial steps of targeting 
of mitochondrial proteins. In this study, we used a genome-wide screen in yeast and identified 
factors critical for the intracellular sorting of the mitochondrial inner membrane protein Oxal. The 
screen uncovered an unexpected path, termed ER-SURF, for targeting of mitochondrial membrane 
proteins. This pathway retrieves mitochondrial proteins from the ER surface and reroutes them 
to mitochondria with the aid of the ER-localized chaperone Djp1. Hence, cells use the expanse of 
the ER surfaces as a fail-safe to maximize productive mitochondrial protein targeting. 


espite our detailed understanding of the 
translocation routes into mitochondria, 
little is known about cytosolic targeting 
of mitochondrial precursors (J, 2). To iden- 
tify factors that take part in early target- 
ing steps of mitochondrial membrane proteins, 
we designed a genetic screen in yeast, moni- 
toring the cytosolic accumulation of nonim- 
ported mitochondrial precursors. To this end, 
we integrated the coding sequence of orotidine- 
phosphate decarboxylase (Ura3) into the C termi- 
nus of the nuclear encoded inner membrane 
protein Oxal while maintaining the endogenous 
flanking regions of the OXA/ gene (Fig. 1A). The 


Fig. 1. Genetic screen for mutants 
that accumulate Oxal-Ura3 in 
the cytosol. (A) Structure of the 
Oxal-Ura3 construct. TMD, 
transmembrane domain; MTS, 
mitochondrial targeting sequence; 
UTR, untranslated region. 

(B) Immune blot of Oxal-Ura3. 

(C) Growth of Aura3 mutants 
expressing the indicated constructs. 
(D) Representative array plate on 
uracil-deficient medium. Yellow 
arrows indicate mutants accumulating 
Oxal-Ura3 in the cytosol. SD, 
synthetic dextrose medium. 

(E) Proteins critical for the 
prevention of cytosolic accumulation 
of Oxal-Ura3. TGN, trans-Golgi 
network; GAP, guanosine 
triphosphatase activating protein; 
NADP, nicotinamide adenine 
dinucleotide phosphate. 


in HO locus 


corresponding Oxal-Ura3 protein, expressed in 
the absence or presence of endogenous Oxal, was 
efficiently targeted to mitochondria, integrated 
into the inner membrane, and fully functional 
(Fig. 1B and fig. S1, A to D). Owing to efficient 
targeting of Oxal-Ura3 to mitochondria, Ura3 
was sequestered from the cytosol, causing a se- 
vere growth defect on media lacking uracil. This 
effect was reverted when the presequence of 
Oxal-Ura3 was deleted (AN-Oxal-Ura3), causing 
its cytosolic accumulation and subsequent uracil- 
independent growth (Fig. 1C). Hence, a defect in 
mitochondrial targeting could be monitored by 
growth on medium lacking uracil. 


SD-Uracil 


Uracil 


= + 
B ao Control (Haat) 


|e) e| Djp1 poorly characterized J protein 
CODD Ematzvito29c uncharacterized 
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LOD ani cytosol / TAN, Art-like protein 
Age2 cytosol / TGN, Arf-GAP 


Do O| Tim50 mitochondria, subunit of TIM23 translocase 


Using automated mating approaches, the Oxa1- 
Ura3 construct was introduced into yeast libraries 
covering 4916 deletion mutants of nonessential 
genes as well as 1102 DAmP (decreased abundance 
by mRNA perturbation) mutants of essential 
genes (3) (Fig. 1D). Twelve mutants displayed 
particularly strong growth on uracil-deficient 
media, suggesting critical roles of correspond- 
ing proteins in preventing cytosolic accumulation 
of the Oxal-Ura3 precursor (Fig. 1E). Whereas 
some of the identified factors were expected (e.g., 
Tim50, an essential subunit of the TIM23 trans- 
locase), several of the hits were nonmitochon- 
drial proteins for which a role in mitochondrial 
protein import or precursor quality control was 
unknown. These include the uncharacterized pro- 
teins Yil029c, Ylr050c, and Ycr100c, which we 
named Emai7, Emal9, and Ema35, respectively 
(for efficient mitochondria targeting—-associated 
proteins). These three components are predicted 
to be membrane proteins but were not previously 
found in mitochondria (4). Emal9 is embedded in 
the endoplasmic reticulum (ER) membrane and 
conserved among eukaryotes. Deletion mutants 
lacking Emal9 or Ema35 showed respiration prob- 
lems at elevated temperatures (fig. S2, A to E). 

One of the identified components was Djp1, 
an abundant yet poorly characterized member 
of the J-protein/Hsp40 cochaperone family (5). 
Oxal-Ura3 growth assays with strains lacking 
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Fig. 2. Djp1 is critical for mitochondrial biogenesis. (A) Growth on 
synthetic medium with or without uracil. (B) Oxal was overexpressed in 
wild-type (WT) and Adjp1 using the GAL promoter. Cell extracts were 
analyzed by immune blot; pre, precursor; mat, mature. (C) Cellular ex- 
tracts were analyzed by immune blotting. IMS, intermembrane space. 
(D and E) Radiolabeled Oxal precursor (pre) was incubated with WT or 
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Adjp1 mitochondria. Data shown are means + SD; n = 4 replicates. (F) Djp1- 
GFP shows a perinuclear staining typical for ER proteins. Scale bar, 5 um. 
(G to I) Cell extracts were separated on sucrose gradients or by differential 
centrifugation. A large fraction of Djpl cofractionates with ER membranes. 
12,000g and 30,000g pellets are labeled as P1 and P2, respectively. 

S, supernatant. Asterisks indicate cross-reactions of antibodies. 


other J-proteins confirmed a specific role for Djp1 
(fig. S3, A to E). Djpl is involved in peroxisomal 
import and the biogenesis of the mitochon- 
drial outer membrane protein Mim1; however, 
the mechanism of its function was not eluci- 
dated (6, 7). The robust growth of the Oxal-Ura3- 
expressing Adjp1 mutant in the absence of 
uracil suggests that Djp1 plays a role in target- 
ing or import of Oxal (Fig. 2A). Indeed, in Adjp1 
cells we observed reduced levels of endogenous 
Oxal and a strong accumulation of the precursor 
when Oxal was overexpressed (Fig. 2, B and C, 
and fig. S4A). The relevance of Djpl1 was not 
restricted to Oxal. The steady-state levels of 
multiple mitochondrial proteins were consider- 
ably reduced in Adjpi cells. Djp1 was particularly 
important in mutants lacking the mitochondrial 
preprotein receptors Tom70/71 (6) (Fig. 2C and 
fig. S4, B and C). However, in vitro, we did not 
observe a considerably reduced Oxal import ef- 
ficiency of isolated AdjpI mitochondria (Fig. 2, 
D and E). This suggests that Djp1 plays a role in 
Oxal targeting that is upstream of the transloca- 
tion reaction. 
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Systematic localization studies previously iden- 
tified Djp1 as an ER-associated protein (8), which 
we confirmed by fluorescence microscopy (Fig. 
2F) and subcellular fractionation (Fig. 2, G to I. 
In addition, a fraction of Djp1 was present in the 
cytosol where it did not appear to interact with 
ribosomes (fig. S5A). We could not exclude that a 
small fraction of Djp1 may be bound to mitochon- 
dria. The ER-binding of Djp1 was very tight, nucle- 
otide independent, and also observed in mutants 
lacking Emal9 or Ema35, although it appeared 
to be reduced in these mutants (fig. S5, B to E). 

Why would an ER protein affect mitochon- 
drial targeting? A fraction of Oxal-green fluo- 
rescent protein (GFP) was ER-localized in Adjp1 
but not in wild-type cells (Fig. 3A). This frac- 
tion considerably increased upon depletion of 
Cdc48, a component crucial for the proteasomal 
degradation of aberrant ER-associated proteins. 
Accordingly, Oxal lacking its mitochondrial pre- 
sequence (AN-Oxal) was partially glycosylated 
(fig. S6A). Glycosylated Oxal was also observed 
upon overexpression of Oxal, particularly in Adjp1 


of Oxal that accumulates on the ER surface gets 
integrated into the membrane, glycosylated, and 
recognized as mislocalized. 

Because Djp1 is present at different cellular 
locations, we tested whether the ER-bound Djp1 
is critical for Oxal biogenesis: We expressed Djp1- 
GFP in the presence of GFP-binding chromo- 
body traps that restricted Djp1 either to the ER 
(Ergll-binder) or to the vacuole (Vphi-binder) 
(Fig. 3B and fig. S6, B to D). The ER-tethered 
Djp1 version, but not that on the vacuolar mem- 
brane, fully promoted Oxal import into mitochon- 
dria (Fig. 3, C to E). In the absence of Djpl, 
Oxal may be inserted into the ER membrane, 
glycosylated, and recognized as aberrant and 
degraded (fig. S6E). 

In vitro binding experiments showed that 
the ER surface binds Oxal precursor in a Djp1- 
mediated manner (Fig. 3F and fig. S7, A to D). It 
has previously been assumed that any targeting 
of mitochondrial proteins to the ER would be a 
dead end, resulting in recognition of mistarget- 
ing and degradation. However, our results suggest 


cells. This suggests that in Adjp/ cells, a fraction 
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Oxa1-GFP 


Control 
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Djp1 
Cc 
+Uracil 
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Fig. 3. Djp1 prevents the accumulation of Oxal on the ER. (A) |n the 
absence of Djp1, Oxal partially accumulated on the ER, especially 

upon depletion of Cdc48. Sec63-RFP served as an ER marker. The 
percentage of cells showing ER-localized Oxal is depicted. Scale bars, 

5 um. RFP, red fluorescent protein; DIC, differential interference 
contrast. (B) Chromobody-based binders to trap Djpl on the ER or the 


instead be an intermediate in productive protein 
targeting to mitochondria. To test whether the 
ER-localized Oxal is imported into mitochondria, 
we tethered Oxal mRNA to the ER surface such 
that all Oxal was translated on ER membranes 
(9). Under these conditions, Djp1 became critical 
for respiration competence, indicating a crucial role 
in the productive Oxal transfer from the ER to 
mitochondria (fig. $7, E and F). 

To investigate mitochondrial import of Oxal in 
a more physiological environment, we employed 
semi-intact cells with permeabilized plasma mem- 
branes (10) (Fig. 4A). The in vitro import into 
semi-intact cells was similar to the import into 
isolated mitochondria requiring mitochondrial 
membrane potential and mitochondrial trans- 
locases (fig. S8, A to C). However, in semi-intact 
cells, the mitochondrial import of Oxal and other 
mitochondrial membrane proteins was consid- 
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erably less efficient in the absence of Djp1 (Fig. 4, 
B and C, and fig. S8, D to F). Preloading of Adjp1 
semi-intact cells with purified Djp1 restored their 
competence to import Oxal (fig. S8J). Oxal import 
was almost fully blocked in semi-intact Atom70/ 
71/Adjp1 cells, indicating that Djp1 and Tom70 
cooperate (fig. S8, A and B). 

In vitro Djp1 considerably stimulated the im- 
port of ER-bound mitochondrial precursors, 
including that of Oxal. Hence, Djp1 and other ER 
proteins maintained import-competent precursors 
(Fig. 4, D to G, and fig. S8G). Djp1 was particularly 
critical for the microsome-to-mitochondria trans- 
fer of the very hydrophobic inner membrane pro- 
tein Coq2 (fig. SSH), which showed a profound 
ER association in Adjp] cells (fig. S81). When we 
co-incubated wild-type and AdjpI microsomes 
with low, rate-limiting amounts of mitochondria, 


a strong Djpl-dependent stimulation of the Oxal 
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Oxa1-GFP 


GAL-CDC48, Glucose (repressed) 
Sec63-RFP 


Merge 


Oxa1 levels [% of WT] 
0 50 100 150 
Lay ty | a 


Adjp 1H 
WT is 
Ergii-Binder[~ oH 
Vph1-Binder [FH 


Vd “of 


Proteinase K pretreatment 
- - ul of liposomes 
- + 50g Adjp1 microsomes 
- + - 50ug WT microsomes 


+ 


vacuole. (C to E) ER-localized Djp1 promotes efficient import of 

Oxal-Ura3 into mitochondria and leads to WT levels of Oxal. Data shown 
are means + SD; n = 3. (F) Oxal precursor was incubated with 

liposomes or protease-treated and -untreated microsomes. Membranes 
were reisolated, and the associated Oxal was quantified. The bound Oxal 
was normalized to the WT microsome sample. Means + SE are shown; n = 3. 


import was observed (Fig. 4, H and I, arrows). 
Thus, the ER supports import into mitochondria 
rather than competes with it. In this reaction, 
we observed a direct binding of Oxal precursors 
to Djpl, particularly when the mitochondrial mem- 
brane potential was depleted (Fig. 4J). 

Taken together, Oxal precursor was found to 
absorb onto but not translocate into microsomes 
from where it was transferred to mitochondria 
in a Djp1-stimulated reaction (fig. S9, A to C). 
Soluble translocation intermediates of Oxal were 
not observed in this process, nor did mutation of 
the HPD motif in the J domain of Djp1 compro- 
mise its function (fig. S9, D to G). 

The early stages of mitochondrial preprotein 
targeting are poorly understood. Cytosolic chap- 
erones (11, 12) and stabilizing factors called 
ubiquilins (13) associate with mitochondrial pre- 
proteins to prevent precursor-mediated proteotoxic 
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Fig. 4. The ER facilitates Oxal import in a Djp1-dependent process. 
(A to C) Import of radiolabeled Oxal precursor into semi-intact cells. 
Amounts of protease-resistant mature Oxal were quantified. Data shown 
are means + SD; n = 4. (D to G) Djpl promotes the import of ER-bound 
Oxal. Quantification shows means + SD; n = 3. (G) Microsomes can 
transfer Oxal to mitochondria. Graph shows means + SE; n = 3. (H and I) 
Radiolabeled Oxal was incubated with WT and Adjp1 microsomes to 
which low (rate-limiting) amounts of WT mitochondria were added. 


Nonimported Oxal was removed by protease. Arrows indicate Oxal import. 
(J) Radiolabeled Oxal precursor was incubated with semi-intact cells. 
After cross-linking with 400 uM DSP, Djp1 was immune-precipitated. NR, 
nonreducing; R, reducing (i.e., cross-links were broken); PI, preimmune 
serum. (K) Mitochondria can import Oxal precursor directly. However, in 
vivo, a fraction of Oxal associates with the ER surface. The ER-SURF 
pathway maintains the Oxal precursor in an import-competent state and 
facilitates its rerouting to mitochondria in a Djpl-dependent reaction. 


stress (14, 15). Here we found that the ER sur- 
face can function as a capture net to salvage and 
redirect mitochondrial precursors and thus facil- 
itate early targeting reactions by an import route 
that we termed the ER-SURF pathway (for ER 
surface-mediated protein targeting) (Fig. 4K). 
Our findings are consistent with a previous study 
that used a comprehensive proximity-based ribo- 
some profiling approach showing that many 
mitochondrial membrane proteins are prefer- 
entially synthesized on the ER surface (2). The 
conservation and importance of Ema19 in this 
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pathway (fig. S8, K and L) suggests that this re- 
routing mechanism may be conserved among 
eukaryotes, including humans. 

Hydrophobic mitochondrial proteins were 
previously observed on the ER, which was inter- 
preted as mislocalization (16-19). However, our 
observations suggest that the ER surface can serve 
as a Safeguard in targeting of mitochondrial pre- 
cursor proteins, from where they are retrieved in a 
Djpl-mediated reaction. This ER-SURF target- 
ing pathway could explain the difficulty in iden- 
tifying targeting factors for mitochondrial proteins. 
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Semisynthetic sensor proteins enable 
metabolic assays at the point of care 


Qiuliyang Yu”, Lin Xue’, Julien Hiblot’, Rudolf Griss”, Sebastian Fabritz’, 
Clothilde Roux’, Pierre-Alain Binz’, Dorothea Haas*, 


Jiirgen G. Okun*, Kai Johnsson??* 


Monitoring metabolites at the point of care could improve the diagnosis and management 
of numerous diseases. Yet for most metabolites, such assays are not available. We 
introduce semisynthetic, light-emitting sensor proteins for use in paper-based metabolic 
assays. The metabolite is oxidized by nicotinamide adenine dinucleotide phosphate, and 
the sensor changes color in the presence of the reduced cofactor, enabling metabolite 
quantification with the use of a digital camera. The approach makes any metabolite that 
can be oxidized by the cofactor a candidate for quantitative point-of-care assays, as shown 
for phenylalanine, glucose, and glutamate. Phenylalanine blood levels of phenylketonuria 
patients were analyzed at the point of care within minutes with only 0.5 microliters of 
blood. Results were within 15% of those obtained with standard testing methods. 


iseases or injuries can result in large 

changes in metabolite blood concentra- 

tions. Examples include phenylalanine 

in phenylketonuria (PKU) (J), glutamate 

during ischemic strokes (2), galactose in 
galactosemia (3), leucine in maple syrup urine 
disease (4), and tyrosine in tyrosinemia (5). At 
present, these and numerous other medically 
relevant metabolites cannot be reliably quanti- 
fied at the point of care (POC), hampering the 
diagnosis and management of the underlying 
medical conditions. To address this problem, 
we envisioned conducting paper-based enzyma- 
tic assays in which the metabolite is quantified 
through stoichiometric formation of the reduced 
redox cofactor nicotinamide adenine dinucleotide 
(NADH) or its phosphorylated form (NADPH). 
Such an approach would make all metabolites 
that can be specifically oxidized by the oxidized 
form of nicotinamide adenine dinucleotide 
(NAD* and NADP") accessible to POC analysis. 
Currently, NAD(P)H is measured by using a 
variety of different analytical methods (6-8), 
but the background and interference observed 
in whole-blood samples restrict the utility of 
these methods for quantitative POC assays. 
We therefore aimed at generating a biosensor 
that measures NADPH through a background- 
free bioluminescent output. Guided by our pre- 
vious work on semisynthetic sensor proteins (9), 
we designed an NADPH sensor from the follow- 
ing three components: an NADPH-dependent 
receptor protein, the luciferase NanoLuc (NLuc) 
(0), and a fluorescently labeled ligand with 
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NADPH-dependent affinity for the receptor 
(Fig. 1A). The fluorescent ligand is covalently 
tethered to the receptor protein through the 
self-labeling protein SNAP-tag (72). In the pres- 
ence of NADPH, the ligand binds to the receptor 
and brings the fluorophore close to the luciferase, 
thereby increasing bioluminescence resonance 
energy transfer (BRET). The NADPH concentration 
is given by the ratio of the emission intensities of 
NLuc and the fluorophore, which can be measured 
by a digital camera in paper-based assays (9). 

We identified Escherichia coli dihydrofolate 
reductase (eDHFR) as a potential receptor pro- 
tein because it has an NADPH-dependent affin- 
ity for its ligand trimethoprim (TMP) (12) and 
has been shown to bind to derivatized ligands 
(9). The affinity of DHFR for a fluorescent TMP 
derivative [TMP-tetramethylrhodamine (TMR)] 
(Fig. 1B) increases by a factor of 23 in the pres- 
ence of NADPH (Fig. 1C and table S1), but this 
modest cooperativity is not sufficient to generate 
an NADPH sensor (fig. S1). We hypothesized that 
the cooperativity of ligand binding could be in- 
creased through partial unfolding of the binding 
site that could be reversed by NADPH to induce 
the binding of the tethered ligand. We first an- 
alyzed a circular permutated eDHFR (cpDHFR) 
in which new termini were created in a loop 
(between residues Asn” and Leu) that bridges 
the binding sites for NADPH and the ligand. The 
resulting cpDHFR showed increased coopera- 
tivity in ligand binding relative to the wild type: 
adding saturating concentrations of NADPH 
increased the affinity of cpDHFR for TMP-TMR 
by a factor of 150 (Fig. 1C and table S1). This co- 
operativity was further increased by inserting a 
circular permutated variant of NLuc (cpNLuc) 
(13) in the same binding site loop of eDHFR 
(Fig. 1D): The affinity of the resulting protein 
chimera for TMP-TMR increased by a factor of 
1400 upon the addition of saturating concen- 
trations of NADPH (Fig. 1C and table S1). cpNLuc 
was used instead of regular NLuc because the 
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distance between the N and C termini of the 
latter (23 A) was considered to be too large for 
the loop insertion. To create a functional sensor 
from the cpNLuc-inserted eDHFR, we fused it 
via a proline-30 (P30) linker to a SNAP-tag (11) 
(Fig. 1A) and labeled the SNAP-tag with a fluo- 
rescent TMP derivative [TMP-Cy3-benzylguanine 
(BG)] (Fig. 1B). The resulting BRET sensor dis- 
played a 15-fold change in the emission ratio 
(NLuc/Cy3) when titrated with NADPH (Fig. 1E). 
The C50 of the sensor (the NADPH concentration 
resulting in 50% of the maximum sensor re- 
sponse) was measured to be 5.1 + 0.4 nM (mean + 
SD). In addition, the sensor showed selectivity 
for NADPH over NADP*, NADH, and NAD* by a 
factor of at least 8000 (Fig. 1F). Furthermore, by 
introducing point mutations in the NADPH bind- 
ing site of the sensor, we generated a family of 
sensors with Cs, values for NADPH ranging from 
5 nM to 6 uM (Fig. 1G). An important feature of 
the sensor is its large BRET ratio change. We 
attribute this large change to (i) the insertion of 
cpNLuc into the binding site loop of DHFR, 
which brings the luciferase in close proximity 
to the fluorophore in the closed state of the sen- 
sor, and (ii) the P30 linker between the SNAP-tag 
and the engineered eDHFR, which separates the 
luciferase and the fluorophore in the open state 
of the sensor (J4). 

As the first application of our NADPH sensor, 
we developed a POC assay for PKU. PKU patients 
are classified according to their whole-blood 
phenylalanine levels before treatment: levels of 120 
to 600 uM denote mild hyperphenylalaninaemia; 
levels of 600 to 1200 uM, mild PKU; and levels 
above 1200 uM, classic PKU (J). Controlling phenyl- 
alanine blood levels is critical for pediatric and 
pregnant PKU patients (J, 15). For example, ma- 
ternal phenylalanine levels above 360 uM risk 
reducing the cognitive ability of the offspring (7). 
In order to avoid neuropsychological complica- 
tions in pediatric PKU patients, target phenyl- 
alanine blood levels in the first decade of life are 
120 to 360 uM (1). Numerous assays for phenyl- 
alanine quantification at the POC have been pro- 
posed (16-18). However, none of these are simple 
and accurate enough to be suitable for patient 
self-testing. To quantify phenylalanine with our 
sensor, we envisioned using the following reac- 
tion for the sensing scheme (fig. S2): 


phenylalanine 
+ NADP* + H2O © phenylpyruvate 
NADPH + NH,* + H* (1) 


The conversion of phenylalanine is quantitative 
under suitable reaction conditions (19). A candi- 
date enzyme to catalyze the reaction is phenyl- 
alanine dehydrogenase (PDH) from Rhodococcus 
sp. M4, which has a high specific activity toward 
phenylalanine (19). As the enzyme is specific 
for NAD* and NADH whereas our sensor binds 
NADPH, we engineered its cofactor specificity 
such that it accepts NADP* instead of NAD* 
(fig. $3). Current protocols measure phenyl- 
alanine levels in whole blood. To perform POC 
phenylalanine measurements that match this 
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standard, we designed an assay in which whole 
blood is diluted in a solution containing PDH, 
NADP", and the luciferase substrate furima- 
zine. We lyophilized the bioluminescent sensor 
onto test paper in the presence of a surfactant, 
resulting in the lysis of blood cells once they are 
applied to the paper (fig. S4) to release intra- 
cellular phenylalanine for analysis. A drop of 
the blood solution was added to the test paper 
containing the lyophilized sensor and analyzed 
by using a digital camera mounted on a card- 
board box (Fig. 2A and movie S1). For the phenyl- 
alanine measurement, we chose a biosensor with 
@ Csq Of 1.01 + 0.06 uM for NADPH under the 
assay conditions (Fig. 2B and table S2). The thresh- 
old for abnormal phenylalanine concentrations 
is 120 uM (J). We therefore diluted blood samples 
by a factor of 50 to achieve maximal sensor re- 
sponse around this threshold. The dilution step 


and the analysis of samples as a thin film on the 
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Fig. 1. Design of a BRET sensor for NADPH. (A) Design principle: 

A protein chimera between a receptor and a luciferase (NLuc) is tethered 
via a SNAP-tag to a ligand derivatized with a fluorophore. NADPH triggers 
ligand binding to the receptor, thereby increasing BRET. (B) Structure of 
TMP-TMR and TMP-Cy3-BG. BG (gray) tethers the probe to the SNAP-tag. 
(C) Affinity between engineered receptors and TMP-TMR as measured 

by fluorescence polarization (FP) in the presence or absence of 100 nM 
NADPH. NLucInDHFR stands for cpNLuc inserted in eDHFR; coDHFR 
stands for coDHFR with NLuc fused to its new N terminus; eDHFR stands for 
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paper reduce the matrix effect from the whole 
blood (9). The calibration of the test paper was 
performed with the whole blood spiked with 
defined concentrations of NADPH (Fig. 2B). In 
this way, the normal endogenous NADPH level 
(20 uM) in blood (20) represents the baseline, 
whereas the effect of interpatient variations in 
whole-blood NADPH levels was considered neg- 
ligible (table S3). Phenylalanine concentrations 
were then calculated from the emission ratios of 
the test paper. The whole measurement takes 
less than 15 min and requires only 0.5 11 of whole 
blood. The ratiometric nature of the sensor facil- 
itates the POC application, as neither the exact 
concentration of PDH, NADP", or furimazine nor 
the precise volume of the drop applied to the 
paper should affect the result. The measured 
ratio is stable over minutes (fig. $5), indicating 
that neither sample evaporation nor cofactor 
degradation is substantial under these condi- 


Aer 


1E-7 1E-6 1E-5 1E-4 
F 
64 
Sy 
cS 
2 34 
© 
& 24 
B |» NADPH 
Bs NADH 
io y= NADP* 
ol" NAD* 
1E12 1E10”  1E-8 1E6 IEA 


Cofactor concentration (M) 


14 September 2018 


tions. Furthermore, the sensor lyophilized on 
the test paper proved stable at room temper- 
ature over a period of 42 days (fig. S6). 

To validate our POC assay, we spiked whole 
blood with phenylalanine and analyzed the sam- 
ples. The results showed excellent correlation 
with the values measured in parallel by liquid 
chromatography-mass spectrometry (LC-MS) 
(Fig. 2C). We furthermore measured the phenyl- 
alanine concentrations in 40 patient plasma 
samples. Again, the results showed very good 
correlation with two independent reference meth- 
ods currently used in clinical laboratories (Fig. 2, 
D and E; fig. $7; and table $4). The test papers 
also demonstrated very good reproducibility, with 
an average coefficient of variation of 7% + 4% for 
technical triplicates. Lastly, we measured phenyl- 
alanine levels in venous blood samples freshly ob- 
tained from four different PKU patients (Fig. 2, F 
and G). Our results showed very good overlap 
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wild-type eDHFR with NLuc fused to its N terminus. (D) Cartoon indicating 
the insertion of cpNLuc [Protein Data Bank (PBD) ID 5BOU] into eDHFR 
(PDB ID 4PDJ). The original N (blue) and C (red) termini of NLuc are linked by 
a (GGTGGS)z linker. E, Glu; G, Gly. (E) Emission spectra and photograph of 
the sensor in the presence of various concentrations of NADPH. RLU, relative 
light units. (F) Titration of the sensor with different cofactors. (@) NADPH 
titrations of sensors carrying mutations in the receptor protein. R, Arg; A, Ala; 
H, His; Q, Gln. Values in (C), (F), and (G) are given as means + SD for three 
independent measurements. 
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Fig. 2. Paper-based phenylalanine assay. (A) Procedure for measuring 
phenylalanine: 0.5 ul of whole blood from a finger prick is diluted by 

a factor of 50 in reaction buffer. After a 10-min incubation period, 

5 ul of this mixture is added onto a test paper and subsequently 
analyzed with a digital camera. (B) Calibration of test paper by 

spiking whole-blood samples with NADPH. R°, coefficient of determination. 
(C) Quantification of phenylalanine spiked in whole blood. Test paper 
results are plotted against results obtained by LC-MS. r, correlation 
coefficient. (D) Quantification of phenylalanine in 40 patient plasma 


samples. Test paper results are plotted against results obtained by 
LC-MS; the underlying data are listed in table S4. (E) Bland-Altmann 
analysis for 40 patient plasma samples measured by test paper 

and LC-MS. (F) Comparison between test paper and MS-MS 
methods for measuring whole-blood samples from four patients. 

Red boxes represent MS-MS results + an allowable error of 15%. 

(G) Bland-Altmann analysis for four patient whole-blood samples 
measured by test paper and MS-MS. Error bars represent SD for 
three independent measurements. 


with MS-MS-based dried-blood-spot measure- 
ments performed in parallel, with an averaged 
total analytical error of 17% + 4%. The average 
coefficient of variation for the test paper was 
6% + 3%. It is instructive to compare the per- 
formance of our test paper with that of a con- 
ventional NAD-dependent colorimetric assay 
using the same enzymatic reaction (27). When 
measuring whole-blood samples spiked with 
200 uM phenylalanine, the test paper showed a 
232% ratio change, whereas the conventional as- 
say showed only a 2% increase in absorbance 
over background (fig. S8). Furthermore, the sen- 
sor works in a “one-pot reaction” in solution, and 
it can be lyophilized together with the reaction 
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buffer, including the luciferase substrate, on the 
test paper (fig. S9). This setting allows all the steps 
of the assay, with the exception of the dilution 
step, to be performed on paper, further simplify- 
ing the procedure. We also demonstrated that a 
smartphone can be used as the camera (fig. S10), 
facilitating future POC applications. The sim- 
plicity of the assay procedure should eventually 
enable patient self-testing, even though some 
modifications of the assay would be needed. At 
present, our assay requires a 10- to 15-min incu- 
bation. A more immediate result could be achieved 
by increasing the activity of PDH. Furthermore, 
the user currently needs to dilute a defined vol- 


ume of blood, and a more automated assay format 
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could be developed on the basis of microfluidics 
devices (7, 22). Finally, potential interferences 
with our assay by endogenous or exogenous sub- 
stances will have to be kept in mind (table S3). 
For example, PKU patients receiving the anti- 
biotic TMP would not be able to use the assay, as 
TMP directly binds to the sensor. Resolving these 
technical problems could put a much-needed tool 
in the hands of PKU patients. 

In principle, any metabolite of clinical impor- 
tance that can be oxidized with NAD(P)* could 
be analyzed with our paper-based assays at the 
POC. Using enzymatic reactions for glucose and 
glutamate (23, 24), we accurately analyzed com- 
mercial plasma samples spiked with various 
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Fig. 3. Generalization of assay and scale-up. (A) Measurement of glucose spiked in plasma 
samples. (B) Measurement of glutamate spiked in plasma samples. (C) Photograph of test paper 
for analyzing 96 samples for phenylalanine in parallel (32 different blood samples measured in 
triplicates). (D) Quantification of phenylalanine for 32 blood samples in triplicates. Test paper 
results are plotted against concentrations of spiked phenylalanine. Error bars represent SD for 
three independent measurements. The y axis represents the measured analyte concentration 
after subtraction of the background concentration of the corresponding analyte in the sample. 


glucose or glutamate concentrations (Fig. 3, A and 
B). As blood concentrations of glucose are in the 
millimolar range (25), in principle only 10 nl of 
capillary blood would be needed for such an assay. 

Forty-two medically relevant metabolites that 
are potentially suitable for quantification in our 
assay are listed in table S5. These include car- 
bohydrates such as galactose (26), alcohols such 
as ethanol (27), lipids such as triglycerides (28) and 
cholesterol (29), and other amino acids such as 
branched-chain amino acids (30). For analytes 
with lower concentrations, possible interpatient 
variations of the endogenous NADPH level would 
have to be considered (table $3). Such individual 
background corrections could be readily achieved 
by analyzing the sample in both the presence 
and absence of the analyte-converting enzyme (fig. 
S11). Furthermore, for some of these analytes, 
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only NAD-specific dehydrogenases have been 
described. However, as demonstrated for PDH 
and other dehydrogenases (37), the conserved 
nature of the NAD(P) binding sites of dehydro- 
genases should make it possible to engineer their 
cofactor specificities. 

The use of a digital camera enables the simul- 
taneous analysis of multiple metabolic assays for 
either the same or different analytes on a single 
piece of paper. As a proof-of-principle for neonatal 
PKU screening applications in resource-limited 
settings, we analyzed 96 whole-blood samples 
spiked with various concentrations of phenyl- 
alanine with one camera shot (Fig. 3, C and D). 
This experiment demonstrates the scalability of 
our metabolic assays. 

In summary, we combined synthetic chemis- 
try and protein engineering to create a biosensor 
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for the accurate quantification of metabolites in 
blood by a paper-based assay. The assay should 
enable the POC diagnosis and management of 
numerous diseases. 
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Ribonucleotide incorporation enables 
repair of chromosome breaks by 
nonhomologous end joining 


John M. Pryor*, Michael P. Conlin, Juan Carvajal-Garcia, Megan E. Luedeman, 
Adam J. Luthman, George W. Small, Dale A. Ramsdent{ 


The nonhomologous end-joining (NHEJ) pathway preserves genome stability by ligating 
the ends of broken chromosomes together. It employs end-processing enzymes, 
including polymerases, to prepare ends for ligation. We show that two such polymerases 
incorporate primarily ribonucleotides during NHEJ—an exception to the central dogma 
of molecular biology—both during repair of chromosome breaks made by Cas9 

and during V(D)J recombination. Moreover, additions of ribonucleotides but not 
deoxynucleotides effectively promote ligation. Repair kinetics suggest that 
ribonucleotide-dependent first-strand ligation is followed by complementary strand 
repair with deoxynucleotides, then by replacement of ribonucleotides embedded 

in the first strand with deoxynucleotides. Our results indicate that as much as 65% of 
cellular NHEJ products have transiently embedded ribonucleotides, which promote 
flexibility in repair at the cost of more fragile intermediates. 


onhomologous end joining (NHEJ) is the 
primary pathway for repairing chromo- 
somal double-strand breaks (DSBs) in mam- 
mals and is required for genome stability 
in all cell types, as well as for the assembly 
of antigen-specific receptors by V(D)J recombina- 
tion in lymphocytes (7). NHEJ employs specialized 
nucleases and polymerases, including the widely 
expressed polymerase 1 (Pol n) (encoded by Polm) 
and lymphocyte-specific terminal deoxynucleo- 
tidyl transferase (TdT), to modify broken end struc- 
tures in preparation for ligation (2). Accordingly, 
the loss of Pol u or TdT results in impaired im- 
mune responses (3-6). Loss of the more widely 
expressed Pol u additionally interferes with cell 
growth (7, 8), hematopoiesis (7), and resistance to 
DNA damage (7-9). Pol 1. and TdT notably favor 
deoxynucleotides over ribonucleotides by a fac- 
tor of 1.4 to 11 (depending on the nucleotide 
base) (10). By comparison, other polymerases 
that maintain DNA genomes (including the close- 
ly related Pol 4 and Pol 8) typically incorporate 
deoxynucleotides several thousand times more 
efficiently than ribonucleotides (77-13). However, 
it is unknown whether ribonucleotide incorpo- 
ration occurs during cellular NHEJ and, if ribo- 
nucleotide incorporation occurs, whether it 
substantially affects NHEJ function. 

We initially investigated whether ribonucleo- 
tides are incorporated during NHEJ after intro- 
ducing linear DNA substrates into transformed 
mouse embryonic fibroblasts (MEFs). We opti- 
mized this assay to allow for rapid harvesting 
of repair products, in anticipation that ribo- 
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nucleotides were only transiently present. Ribo- 
nucleotides embedded in NHEJ products were 
quantified by assessing the template lost in sam- 
ples upon cleavage of ribonucleotide-containing 
strands (Fig. 1A and fig. S1, B and C) with val- 
idated quantitative polymerase chain reactions 
(qPCRs) (figs. SIA, S3A, and S4B). We determined 
that embedded ribonucleotides were present in 
60% (SD, 4.2%) of NHEJ products (Fig. 1B) when 
products were assessed within the first minute 
after electroporation, and these ribonucleotides 
were dependent on either Pol 1 or TdT (Fig. 1C 
and fig. S1, E and F). 

Embedded ribonucleotides in NHEJ products 
decreased in frequency until they were almost 


undetectable after 20 min (Fig. 1B, gray line). To 
determine whether this reduction was due to the 
replacement of incorporated ribonucleotides with 
deoxynucleotides [ribonucleotide excision repair 
(RER)], we employed CRISPR-Cas9 to generate 
a MEF variant deficient in Rnaseh2a (fig. S1G), 
which initiates RER (14). Levels of embedded 
ribonucleotides in Rnaseh2a-deficient cells were 
initially equivalent to those in wild-type cells; 
unlike those in wild-type cells, embedded ribo- 
nucleotides in Rnaseh2a-deficient cells were 
not completely removed and stabilized at levels 
approximately half those initially observed (Fig. 
1B, orange line). Reexpression of RNaseH2A in 
the Rnaseh2a-deficient variant was sufficient to 
reduce embedded RNA in NHEJ products to the 
low levels observed in wild-type cells (fig. S1H). 

The substrate used in the experiments de- 
scribed above had a single-nucleotide 3’ overhang 
(3'G). Approximately half of repair products 
require ligation after the addition of a single 
complementary C, are dependent on both Ku 
and Pol p (15), and can be identified by sensitivity 
to a restriction enzyme (NsiI) (+C product; Fig. 
1D). Sequencing indicates that the remaining 
Nsil-resistant products have 1- to 5-base pair 
deletions of flanking sequence that are at best 
modestly affected by Polm deficiency (15). Em- 
bedded ribonucleotides were present in 91% 
(SD, 8%) of Nsil-sensitive products after 1 min 
(Fig. 1E). Similar results were observed when we 
used a different method to detect ribonucleotide- 
containing products (fig. S2A) and when we used 
a substrate with a different overhang template 
(C3’) and a different Pol u-dependent added 
nucleotide (G) (fig. S2B). We conclude that most 
Pol u- and TdT-dependent NHEJ products con- 
tain embedded ribonucleotides and that the mod- 
est preference of Pol up and TdT for the addition 
of deoxynucleotides in vitro (10) is overwhelmed 
by higher concentrations of ribonucleotides in 
cells (15). 


Table 1. Stimulation of NHEJ repair pathway by a terminal ribonucleotide. To represent 
head-to-tail alignment of substrate ends, 3’ overhang sequences for head ends are listed N3’, and tail 
ends listed 3’N (for example, GAC3’ and 3’AG align as in Fig. 3B). Underlined sequence letters 
correspond to the indicated terminal C. The relative joining efficiency is the joining efficiency for rC 
divided by the joining efficiency for dC, as measured by qPCR that amplifies all NHEJ products. 
Ligation stimulation = relative joining efficiency x (% direct ligation of rC)/(% direct ligation of dC). 


Substrate overhang : Relative joining % Direct Ligation 
Terminal C is ce 7 F 
sequences efficiency ligation stimulation 
GC3’ and 3'CG dc 1 87 +6 il 


TITTTTTTGC3’ and 3'G (nC 


*A direct ligation product was undetectable. 
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As also informed by data in subsequent fig- 
ures, we suggest that early products involve one 
ligated strand only. Subsequent repair of the 
complementary strand with deoxynucleotides 
accounts for the twofold dilution of products 
with embedded ribonucleotides that is indepen- 
dent of Rnaseh2a (Fig. 1B, orange line), whereas 
complete removal of ribonucleotides requires 
Rnaseh2a-dependent RER. 

We determined whether ribonucleotides are 
similarly incorporated during repair by NHEJ of 
chromosomal breaks. We used a pre-B cell line that 
can be induced to arrest in G, phase and undergo V 
(D)J recombination at the immunoglobulin kappa 
locus Ugk) (Fig. 2A and fig. S3E) (15), because 
Pol u is efficiently engaged by the 3’ overhang 
intermediates in this process (5, 15-17). Embedded 
ribonucleotides were undetectable 24 hours after 
induction when cells were proficient in RER. By 
comparison, 35% of [gk recombination products 
had embedded ribonucleotides in an Rnaseh2a- 
deficient variant (Fig. 2B and fig. S3, A and B). This 
frequency is approximately half of the frequency 
for Igk products where Pol u is active (5, 17), con- 
sistent with the model proposed above, where 
only the first strand of a chromosome DSB is 
repaired with ribonucleotides. Embedded ribo- 
nucleotides were again largely dependent on 
either Pol up or TdT (Fig. 2B and fig. S3, C and D). 

We sought to track polymerase-dependent 
ribonucleotide incorporation during chromoso- 
mal NHEJ earlier than was possible using the 
V(D)J recombination model and also to extend 
analysis to nonlymphoid cells. We directly in- 
troduced Rosa26 locus-targeted Cas9 nuclease 
into Rnaseh2a-deficient MEFs, which allowed 
for rapid accumulation of repair products (fig. 
S4D) and thus assessment of ribonucleotides 
in these products immediately after they were 
generated. Sequencing of repair products from 
wild-type versus Polm~~ MEFs confirms that 
Pol u promotes repair accuracy (fig. S4A). How- 
ever, the blunt ends generated by Cas9 engage 
Pol u less frequently (in 16% of all repair) than 
V(D)J recombination intermediates, and the con- 
tribution of Pol p is distributed over several mostly 
template-dependent products that cannot be easily 
distinguished from polymerase-independent re- 
pair products. We therefore expressed TdT in 
these cells (fig. SIF), as this generates a class of 
repair products—with the addition of two or more 
G’s and no loss of flanking DNA (+GG products)— 
that are abundant (18% of NHEJ products) (table 
$1), unambiguously polymerase dependent, and 
that can be detected by a sensitive product- 
specific qPCR (Fig. 2, C and D, and fig. S4, B to D). 
Ribonucleotide incorporation by TdT does not 
differ significantly from that by Pol u in cells 
(Figs. 1C and 2B) and in vitro (JO), supporting the 
characterization of ribonucleotide incorporation 
by TdT during NHEJ as directly comparable to 
Pol u-dependent repair. Embedded ribonucleo- 
tides were present in 84% and 77% of +GG NHEJ 
products 1 and 4 hours after the introduction of 
Cas9, respectively (Fig. 2D), and were reduced by 
a factor of two in these RER-deficient cells over 
the next 20 hours. This is consistent with strong 
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Fig. 1. Ribonucleotide incorporation during 
repair of extrachromosomal substrates. 

(A) DNA fragments with 3’G overhangs at ends 
were introduced into MEFs, and the percentages 
of cellular NHEJ products with embedded 
ribonucleotides (% ribo.) were determined by 
comparing amplification efficiencies with and 
without prior cleavage at sites of ribonucleotide 
incorporation (see also fig. S1C). 5’P, 5’-phosphate. 
(B) Percentage of products with embedded ribo- 
nucleotides after the introduction of the substrate 
into Rnaseh2a*”* or Rnaseh2a~“~ MEFs. Data points 
represent the mean for three transfections, and error 
bars represent SD. (C) Percentage of products 

with embedded ribonucleotides among products 
recovered after 1 min. Data points represent the 
mean for three transfections, and error bars repre- 
sent SD. Means were compared in pairs with values 
for Polm™“~ by analysis of variance (ANOVA) (***P < 
0.001). (D and E) Digestion of amplified products 
with Nsil and electrophoresis distinguishes Pol u- 
dependent +C products (products with the addition 
of a single complementary C) from products with 
deletions of flanking sequence (A). (E) The mean 
percentages + SD of products with embedded ribo- 
nucleotides among Nsil-susceptible (Nsil®) 
products recovered after 1 min from three inde- 
pendent transfections are shown. Nsil', Nsil resistant. 
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Fig. 2. Ribonucleotide incorporation during 
repair of chromosomal breaks. (A and B) 
SP9 pre-B cells were induced for 24 hours, 
resulting in the expression of RAG1-RAG2 
nuclease and the introduction of chromosome 
breaks adjacent to Vx (variable region) and Jx 
(joining region) coding segments (boxes). The 
percentage of products with embedded ribo- 
nucleotides in VJ coding junctions was measured 
as for Fig. 1A. (B) Data points represent the mean 
for five independent inductions, and error bars 
represent SD. Means were compared in pairs 

by ANOVA as noted (***P < 0.001). (C and 

D) Rosa26 locus-targeting Cas9 ribonucleo- 
protein was introduced into MEFs deficient in 
Rnaseh2Za and expressing TdT. The percentage of 
products with embedded ribonucleotides was 
detected as for Fig. 1A by using a qPCR specific 
for the TdT-dependent +GG product (see also 
fig. S4). Ch. 6, chromosome 6. (D) Data points 
represent the mean for three independent 
transfections, and error bars represent SD. 
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Fig. 3. Effect of ribonucleotide termini on 
the NHEJ ligation step. (A to C) Termini 

of NHEJ substrates were varied to be consistent 
with the polymerase-dependent addition of a 
ribonucleotide versus a deoxynucleotide and 
introduced into MEFs expressing neither Pol u 
nor TdT. The sensitivity of amplified products 

to a diagnostic restriction enzyme (RE) was 
used to identify examples of direct head-to- 

tail ligation. (B and C) Substrates with the 
indicated terminal nucleotides were introduced 
into MEFs expressing neither Pol u nor TdT. 
The mean percentage + SD of directly ligated 
products for three independent transfections is 
noted below. (D) dGTP, rGTP, or an equivalent 
amount of the relevant salt (“none”) was added 
to Rosa26 Cas9-single guide RNA ribonucleo- 
protein (RNP) transfections performed as for 
Fig. 2, C and D, and genomic DNA was 
harvested after 1 hour. Data are the mean from 
four transfections, and error bars represent 

SD. Means were compared in pairs by ANOVA 
with values for no nucleotide triphosphate 
(NTP) addition (***P < 0.001). (E) Triple strand 
break repair model. Pol u- or TdT-dependent 
ribonucleotide addition is noted in red. 


favoring of ribonucleotide incorporation by these 
polymerases for first-strand repair, followed by 
repair of complementary strands with deoxy- 
nucleotides. As expected, levels of embedded 
ribonucleotides in repair products were much 
lower when cells were proficient in RER (23% af- 
ter 1 hour) (fig. S4F) and undetectable at a nearby 
locus where breaks were not induced (whether 
cells were RER deficient or not) (fig. S4E). 


Pryor et al., Science 361, 1126-1129 (2018) 


We investigated the consequences of ribo- 
nucleotide addition for ligation, the next step 
of cellular NHEJ. We initially focused on a sub- 
strate with 3'GA overhangs, where 66% of NHEJ 
occurs by ligation after Pol u-dependent addi- 
tion of a single complementary C (fig. S5A). We 
made two variants of this substrate with a C 
already added: one where the added C was a 
ribonucleotide (+rC) and one where it was a de- 
oxynucleotide (+dC) (Fig. 3A). We then introduced 
these two substrate variants into cells that express 
neither Pol u nor TdT to isolate the effects of the 
different pre-added nucleotides on ligation and 
confirmed that repair under these conditions re- 
lies on the NHEJ-specific ligase (LIG4) (fig. S5B). 
Notably, only the +rC variant was able to effi- 
ciently promote direct ligation in cells, whereas 
the +dC variant was largely ineffective (the effi- 
ciency of direct ligation was reduced by a factor 
of >20) (Fig. 3B and Table 1). Direct ligation was 
also stimulated when the ribonucleotide 2'-OH 
was replaced with fluorine and blocked when the 
terminal nucleotide was replaced with a ribo- 
nucleotide stereoisomer, arabinofuranosylcyti- 
dine (Ara-C) (Fig. 3B and Table 1). Ara-C differs 
from rC only by the orientation of the 2'-OH and 
the favored sugar pucker (rC favors C3’-endo, 
and Ara-C favors C2’-endo), suggesting that a 
terminal C3’-endo nucleotide is required for the 
stimulation of ligation (fig. S5C). A terminal 
ribonucleotide also stimulated LIG4-dependent 
ligation in vitro, confirming that the effect on 
cellular NHEJ is specific to the ligation step. In 
contrast, T4 DNA ligase gained no benefit from a 
terminal ribonucleotide (fig. S5D). LIG4 may be 
alone among mammalian ligases in the ability to 
take advantage of added ribonucleotide termini, 
analogous to the in vitro activity of bacterial 
Pseudomonas LigD compared with that of other 
prokaryotic ligases (78). 

We addressed whether end structure context 
affected whether ribonucleotide additions stim- 
ulated ligation. An added ribonucleotide was re- 
quired for direct ligation in cells whenever the 
opposite strand was mostly mispaired or gapped 
(Fig. 3C and Table 1); in the context of mispaired 
or gapped end structures, Pol p and TdT are dis- 
tinctively active during NHEJ (15, 17). By com- 
parison, direct ligation is similarly efficient for 
ribonucleotide and deoxynucleotide additions 
in contexts where other polymerases are more 
active—mostly complementary overhangs—both 
in cells (Fig. 3C and Table 1) and in vitro (JO, 19). 
The class of end structures where Pol » and TdT 
distinctively contribute to cellular NHEJ thus 
correlates well with the class of end structures 
where ribonucleotides are required for direct 
ligation. Moreover, deoxynucleotide additions 
in these contexts were associated with frequent 
deletion of both the added nucleotide and flank- 
ing DNA (fig. $5, E and F), and repair was less 
efficient (Table 1). Our results imply that ribo- 
nucleotide addition is required for the biolog- 
ical activity of Pol u and TdT. 

We sought to more directly address whether 
polymerase function during cellular NHEJ re- 
lies on ribonucleotide addition. We introduced 
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breaks in the chromosome with Cas9 and assessed 
whether the introduction of high concentrations 
of deoxynucleotide triphosphate affected the 
accumulation of the TdT-dependent repair pro- 
ducts (+GG products) characterized in Fig. 2, 
C and D. The introduction of excess deoxygua- 
nine triphosphate (dGTP) impaired the accu- 
mulation of these products by a factor of four 
relative to the accumulation in parallel exper- 
iments with unperturbed nucleotide pools. In 
contrast, the introduction of excess riboguanine 
triphosphate (rGTP) modestly stimulated +GG 
product recovery, consistent with the already 
high cellular rGTP pools in unperturbed cells 
(Fig. 3D). Similar results were also obtained by 
using two methods that more generally mea- 
sure NHEJ-dependent short insertions and dele- 
tions (fig. S6, A and B). NHEJ was also impaired 
upon the introduction of Ara-GTP (fig. S6), in 
accordance with the inability of additions of this 
ribonucleotide stereoisomer to promote repair 
(Fig. 3B). 

We show that Pol pu and TdT preferentially 
add ribonucleotides (Figs. 1 and 2) and contrib- 
ute to the repair of a specific subset of end struc- 
tures (15), that the same subset of end structures 
requires ribonucleotide additions for efficient 
LIG4-mediated repair (Fig. 3), and that only 
LIG4 may be able to take advantage of added 
nucleotides. Within all mammalian DNA metab- 
olism, only the synthetic enzymes specific to 
NHEJ appear to cooperate in this unusual man- 
ner. Our results suggest that this reflects a coevo- 
lution of these enzymes to better repair damaged 
or mispaired ends, a central problem of this 
pathway. 

Our results also have more general relevance. 
Ribonucleotides destabilize DNA genomes unless 
removed by RER (20, 27), and when incorporated 
during NHEJ, they pose special problems for the 
RER pathway. We show that safe accommoda- 
tion of ribonucleotide-containing intermediates 
during NHEJ is most likely enabled by three 
sequential coupled strand break repair reactions 
(Fig. 3E), with each reaction coupled to the next: 
repair of the first strand with ribonucleotides, 
repair of the second strand with deoxynucleo- 
tides, and RNaseH2A-dependent excision of the 
ribonucleotides embedded during first-strand 
repair. This model explains the twofold dilution 
of embedded ribonucleotides that is indepen- 
dent of RER and RNaseH2A (Fig. 1B). Alternative 
models—where ribonucleotides are incorporated 
into both strands or where RNaseH2 incises the first 
strand before second-strand repair is complete— 
risk rebreakage of the chromosome. Addition- 
ally, the transient nature of intermediates with 
embedded ribonucleotides (for which the half-life 
is likely less than 5 min) (Fig. 1B) suggests that all 
three strand break repair reactions are joined to- 
gether, possibly by physical interactions between 
pathway components. 

Pol up is widely expressed and participates in 
as little as 16% (e.g., fig. S4A) to as much as 
66% (e.g., fig. S5A) of repair, depending on the 
end structure (15). In lymphocytes, either TdT or 
Pol ut is active in 65% of NHEJ events required 
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for V(D)J recombination (5, 77). The triple stand 
break repair model proposed here (Fig. 3E) is 
thus relevant to a large fraction of mammalian 
NHEJ and is a fundamental departure from the 
previously accepted model. It is probably rele- 
vant to NHEJ in other species (e.g., yeast and 
bacteria) (18, 22, 23) as well. Our work further 
indicates that ribonucleotide incorporation is 
required if mammalian Pol p and TdT are to 
be effective in promoting long-term cellular pro- 
liferative capacity, the development of adaptive 
immunity, and radioresistance (3-9). 
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bell) at BNU 


Founded in 1902, Beijing Normal University (BNU) is one of the top 10 universities in China, offering a strong emphasis 
on the humanities and sciences. The history of systems science studies at BNU began in 1979 with the establishment of 
the Institute of Nonequilibrium Systems. In 1985, the field of systems theory was founded, sparking a concerted effort 
by BNU to develop and grow systems science at the university. In the intervening three decades, BNU’s systems sci- 
ence program has garnered support from many famous scholars—including world-renowned engineer Hsue-Shen Tsien 
and Nobel Prize-winning physical chemist Ilya Prigogine—and has grown into an internationally competitive program, 
providing students with a strong foundation in a broad range of systems-related disciplines. 
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The Sahaol ot se Seance ss) was established in 2013, 
with the aim of creating a globally recognized institution for sci- 
entific research and training. The school strives to be a pioneer in 
building a solid base for systems science 
in China, while also offering a platform 
for interdisciplinary research and scien- 
tific innovation at BNU. 

SSS is committed to discovering the 
“simple rules” that guide our explora- 
tion of this complex world, to expanding 
the frontiers of systems science research, 
to cultivating exceptional students and 
researchers, and to transforming aca- 
demic progress in systems science into 
forces for social and economic change, 
all with the goal of deepening our un- 
derstanding of nature and society. 


As a discipline, systems science focuses on tackling the basic sci- 
entific problems underlying the nature and evolution of complex 
systems. As the discipline has developed and matured over the past 
30 years, researchers at BNU have attempted to reveal the general 
rules of complex systems through the study of their evolution. Areas 
of study include the emergent behavior of complex systems and the 
intelligent control of the nature and function of these systems. The 
direction and level of scientific research at SSS is on par with interna- 
tional systems science research and follows similar trends. 

The work done at SSS spans an impressively broad range of top- 
ics, comprising six primary subfields: 1) fundamental theories of 
complex systems, 2) social and economic systems, 3) biological eco- 
systems and the self-organizing behavior of the brain and cognition, 
4) multiagent systems and evolutionary algorithms, 5) information 
technology for artificial intelligence systems, and 6) the science of 
science. Research coming out of SSS has gained worldwide atten- 
tion. Its groundbreaking work has aroused widespread interest both 
in the scientific community and in the public sphere in areas such as 
network reconstruction and control, the network structure of Chi- 
nese characters and related learning systems, the spiking neural 
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network model for understanding working memory, and a param- 
eter-free model for human mobility. It should be noted that SSS is 
open to the pursuit of other fields of interdisciplinary research in the 
natural and social sciences beyond the six listed above. 

With its drive to enhance our understanding of the richness and 
complexity of the world around us, SSS aims to train exceptional 
scientists with a solid academic foundation and strong interdisci- 
plinary skills in systems science. These graduates will become pro- 
active leaders with a strong sense of social responsibility and a com- 
prehensive global vision. The school warmly welcomes applications 
and cooperation from top researchers from around the world. 
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2D Barcode Scanner 

The DataPaq Mirage from Ziath 

is a camera-based, 2D barcode 
rack scanner that can be easily 
integrated with robotic liquid- 
handling systems as well as other 
laboratory automation solutions. 
It brings the benefits of a more 
sophisticated rack scanner to 
automation workflows for the 
same price as an old flatbed scanner. Most camera-based scanners 
are too tall for use on liquid-handling workstations; but the patent- 
pending technology of DataPaq Mirage uses a mirror to give the 
scanner a more compact design. Its low profile allows samples in 
Society for Biomolecular Screening (SBS) format racks to be efficiently 
scanned and recorded at the point of processing. 

Ziath 

For info: +44-(0)-1223-855021 

www.ziath.com 


Antibody Arrays 

With the RayBiotech Biotin Label-Based Antibody Array (L-Series), re- 
searchers can obtain a broad, panoramic view of protein expression. 
Up to 1,000 target proteins can be detected simultaneously, including 
cytokines, chemokines, adipokines, growth factors, proteases, soluble 
receptors, and adhesion molecules, among others, making this array 
ideally suited for biomarker discovery studies and exploratory screens. 
Through a simple labeling process, the sample proteins are directly con- 
jugated to biotin, eliminating the need for a second antibody to develop 
the array signals. In this format, unintended antibody interactions are 
impossible, thus eliminating limitations on the size of the array panel. 
RayBiotech 

For info: 888-494-8555 
www.raybiotech.com/I-series-label-based-antibody-arrays 


Gas Analyzers 

Hiden Analytical’s HPR-20 range of application-specific compact 
benchtop gas analyzers for dynamic measurement of in-process gas 
composition features precision quadrupole mass spectrometers with 
standard mass-range options between 200 amu and 300 amu, with 
options from 20 amu to 1,000 amu available for specialized applications. 
The HPR-20 EGA system is configured for fast-response evolved gas 
analysis (EGA) at near-atmospheric pressures using bypass capillary 
sampling, with sample consumption rates typically from 1 mL/min to 

15 mL/min. The HPR-20 TMS transient mass spectrometer system offers 
the optimum response time for fast-event studies. The system uses a 
direct-pulse ion-counting detector with a 7-decade dynamic range, from 
1 to 10’ counts per second, and with the multichannel scalar option, 
provides a time resolution of just 50 ns. The HPR-20 R&D system is 
optimized for the researcher, including direct sampling options ranging 
from sample pressures up to 30 bar. 

Hiden Analytical 

For info: +44-(0)-1925-445-225 

www.hidenanalytical.com 
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Fluorescent ELISA Kits 

CatchPoint SimpleStep ELISA (SSE) kits provide a simple, fast 
protocol with a single wash step and an assay time of 90 min or 
less. Their fluorescent substrate significantly improves linearity 
over an extended dynamic range when compared to horseradish 
peroxidase/TMB substrate, reducing the need for sample dilutions 
and allowing quantitation at lower protein concentrations, thus 
improving sensitivity. CatchPoint SSE kits are validated across 

a wide range of biological samples and optimized for Molecular 
Devices’ microplate readers, delivering reproducible results 
across many different undiluted sample types on industry-leading 
instrumentation. The kits employ highly validated antibodies, 
most of which have been developed using Abcam’s recombinant 
monoclonal antibody technology. Recombinant antibodies offer 
specificity and lot-to-lot reproducibility for consistent experimental 
results. CatchPoint SSE and SimpleStep colorimetric kits serve a 
variety of interests, including cancer, neuroscience, cardiovascular, 
and immunology research. 

Abcam 

For info: 888-772-2226 
www.abcam.com/catchpoint-simplestep-elisa-kits 


Quaternary Liquid Chromatograph 

The Waters ACQUITY Arc Bio System is a versatile, quaternary 
liquid chromatograph specifically engineered to enable efficient 
transfer and improvement of bioseparation analytical methods 
regardless of the liquid chromatography (LC) platform on which the 
original method was developed. It is ideally suited to run reversed- 
phase, ion-exchange, size-exclusion, and hydrophobic-interaction 
LC methods with minimal carryover and maximum recovery of 
biomolecules. The system's flow paths are made of non-stainless 
steel and iron-free bioinert materials designed to minimize 
undesirable protein interactions and maximize system robustness 
under salt and pH extremes. What also sets the instrument apart 
is the unique Arc Multi-flow path technology, which delivers plug- 
and-play compatibility with HPLC or UHPLC methods through a 
selectable dwell volume, emulating the dwell volume of the original 
instrument. This feature minimizes the time required to redevelop 
methods from internal and external partners. 

Waters 

For info: 800-252-4752 

www.waters.com/arcbio 


High-Speed Spectrometer 

The IRisF1 is a laser-based, infrared spectrometer that exploits the 
sensing performance of so-called “frequency combs” in the mid- 
infrared spectral region. As a result, the instrument offers high meas- 
urement speed (microsecond time resolution) with the high bright- 
ness of a laser-based instrument and a multicolor output. It is an 
alternative to Fourier transform infrared (FTIR) spectrometers that 
are often too slow for time-resolved applications. The IRisF1 enables 
high-throughput screening and analysis of strongly absorbing sam- 
ples. For example, researchers can observe the folding or conforma- 
tional changes of proteins in real time. 

IRsweep 

For info: +41-(0)-44-545-85-99 

www.irsweep.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this 
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Present your work to the world 


Are you a representative of the upcoming generation of thought leaders 
in your field? Together we look forward to your application for the new 
Sartorius & Science Prize for Regenerative Medicine & Cell Therapy. 


Apply now! 

www.passionforscience.com/prize The Sartorius & Science 
Prize for Regenerative 
Medicine & Cell Therapy 


Awarded by sartorius 
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A novel target for acceleratin 


Biomedical science training 


Cherie Butts! and Avery August? 


tackle the challenges of making better medicines remains 

high; however, few scientists and clinicians learn about drug 
development during their training. To assist trainees with ap- 
preciating differences between basic science (understanding 
disease mechanisms) and applied science (drug development), 
Biogen and the Cornell Broadening Experiences in Scientific Train- 
ing (BEST) program convened a conference in June 2018 at the 
Biogen headquarters in Cambridge, Massachusetts (#Biogen 
BESTDDConf2018). 


D = for a qualified biomedical science workforce to 


Drug development pipeline 


Regulatory 
Protein engineering Clinical development 


Research & development technologies 


Computation & data analytics 


Translational biomarkers 


Session topics 


Medical affairs 
Asset management 


Business analytics 


Portfolio management 


FIGURE 1. 


Selection process 

Participants were identified primarily from academic institutions with 
U.S. National Institutes of Health (NIH) BEST programs (www.nihbest.org; 
https://commonfund.nih.gov/workforce), as they are familiar with biophar- 
ma career pathways. Trainees* were exposed to key drug development 
questions, different roles in and out of the laboratory or clinic, and skills 
needed to be successful in biopharma. To ensure that information from 
the conference extended beyond those who attended, a requirement was 
that trainees share key concepts with others at their home institutions. 


Unique approach 

The average time for developing a new drug is approximately 12 
years and costs over USD 1 billion, predominantly due to failures at 
each stage of drug development (7). An appropriately trained work- 
force is one mechanism for accelerating timelines and reducing the risk 
of failure. As many biomedical sciences training programs do not offer 
activities related to drug development, trainees must opt for additional 
specialized fellowships (ranging in duration from several weeks to a 
few years) or transition to industry with little knowledge of the skills 
necessary to be successful in this sector. As an initiative of Biogen’s 
Portfolio Transformation, a short-term, intensive conference was devel- 
oped to demystify drug development for academic trainees. The goal 
was to create a model for similar events across the country. 

High-performing project teams are a hallmark of biopharma, but 
are less common in academia (2). Conference activities, therefore, fo- 
cused on providing participants with a project-team experience that 
highlighted key drug development questions; stage-appropriate com- 
position of project teams; the importance of team dynamics and of 
maximizing the strengths of each member; and how the biopharma 
ecosystem supports project teams. 


‘Portfolio Transformation and Late-Stage Clinical Development, Biogen, Cambridge, MA; 
cherie.butts@biogen.com Cornell BEST Program and Department of Microbiology and Immunology, 
Cornell University, Ithaca, NY; averyaugust@cornell.edu 


Purposeful outcomes 

Participants were introduced to the drug development process (from 
concept to approval), and sessions were led by individuals from across 
Biogen, who offered insight on their roles—including how they support 
project teams. The topics included asset management, biomarker de- 
velopment, business and data analytics, clinical development, medical 
affairs, portfolio management, protein engineering, and regulatory af- 
fairs and policy (Figure 1). In addition, participants served on teams 
that generated a business case and recommendations for progression 
of a mock project to the next drug development stage (Figure 2). 


Refining and reframing 

A new training model is needed to strengthen and refine the neces- 
sary skills for those who wish to translate new biomedical discoveries 
into beneficial drugs. More trainees with the right experience will in- 
crease the pace of drug development, reducing the burden of debili- 
tating medical conditions on society. Such a reframing of the training 
experience will positively change the conduct of science and expand 
the ways that meaningful contributions to biomedical science are 
defined. This conference emphasizes the importance of experiential 
learning and serves as a model for such training. 


Conference format 


Participants complete preconference surveys to 
Team identify expertise and professional interests. 


selection 


Teams receive topics and supporting 
information to generate business case. 


Tailored 
team 
experience 


Team-building emphasizes value of 
shared responsibility. 


Feedback assesses impact of conference. 


Topic 
F-\(-Yaifela) Session leaders discuss their career paths, current roles, 
and contributions to project teams. 


FIGURE 2. 
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For additional information and to explore future opportunities with 
this drug development training model, please contact the authors: 
cherie.butts@biogen.com and averyaugust@cornell.edu. 


“40 Ph.D. students, postdocs, and medical students from Boston University; 
Cornell University; Emory University; Georgia Institute of Technology; Johns 
Hopkins University; Meharry Medical College; Michigan State University; New 
York University; Rutgers University; Universities of California at Davis, Irvine, 
and San Francisco; Universities of Colorado at Anschutz and Denver; University 
of North Carolina at Chapel Hill; University of Massachusetts Medical School; 
University of Rochester; Vanderbilt University; Virginia Polytechnic Institute and 
State University; and Wayne State University. 
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Department of Biological Engineering 
Faculty Position in Comparative Medicine 


The MIT Department of Biological Engineering, in partnership with the MIT Division of Comparative 
Medicine, invites applications for a tenure-track faculty position at the Assistant Professor level, 
to begin July 2019 or thereafter. A more senior position may be considered in special cases. 
Teaching responsibilities will be in subjects within the Department’s undergraduate and graduate 
curricula and compatible with his or her research expertise. Applicants should hold a DVM from 
an AVMA-accredited institute, or an MD, and/or a PhD in a discipline which applies molecular/ 
cellular bioscience to the study of the microbial/host interface in health and disease with 
interests in microbial pathogenesis, microbiome bioinformatics, immunology, or pathobiology. 
The selected candidate will develop and sustain vigorous extramurally funded research programs, 
supervise graduate students, develop course materials and teach graduate-level subject(s). 
He or she may also teach undergraduate subjects. 

To Apply: 

Candidates must register with the BE search website at_http://be-fac-search.mit.edu, and must 
submit application materials electronically to this website. Candidate applications should include 
a description of professional interests and goals in both teaching and research. Each application 
should include a curriculum vitae and the names and addresses of three or more references 
who will provide recommendation letters. References should submit their letters directly at the 
http://be-fac-search.mit.edu website. 


Applications received by 1st December 2018 will be given priority. 
Questions may be directed to: Prof. Douglas Lauffenburger, Head, Department of Biological 
Engineering, MIT 16-343, Cambridge MA 02139, lauffen@mit.edu 


MIT is an Equal Opportunity/Affirmative Action employer http://web.mit.edu 
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Department of Biological Engineering 
Faculty Position in Molecular/Cell Biophysics 


The MIT Department of Biological Engineering invites applications for tenure-track 
faculty positions at the assistant professor level, to begin July 2019 or thereafter. 
Applicants should hold a Ph.D. in a science or engineering discipline related to biological 
engineering. A more senior faculty appointment may be considered in special cases. 
Candidates should aspire to direct a leading research program that fuses molecular/ 
cellular bioscience with quantitative engineering analysis/synthesis approaches. Areas 
of high priority include molecular and cell biophysics, with applications in quantitative 
measurement and modeling of biological processes. Faculty duties include teaching at the 
graduate and undergraduate levels as well as oversight of research, conducting original 
scholarly research, and developing course materials at the graduate and undergraduate 
levels. Candidates should be capable of instructing in our core biological engineering 
educational curricula. 


Candidates must register with the BE search website at http://be-fac-search.mit.edu, and 
must submit application materials electronically to this website. Candidate applications 
should include a description of professional interests and goals in both teaching and 
research. Each application should include a curriculum vitae and the names and addresses 
of three or more references who will provide recommendation letters. References should 
submit their letters directly at the http://be-fac-search.mit.edu website. Applications 
received by 1st December 2018 will be given priority. 


Questions may be directed to: Prof. Douglas Lauffenburger, Head, Department of 
Biological Engineering, MIT 16-343, Cambridge MA 02139, lauffen@mit.edu 


MIT is an Equal Opportunity/Affirmative Action employer http://web.mit.edu 
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Beyond gov eitterit grants: 
Widening your funding net 


“Don't put all your eggs in one basket” is sound financial advice 
for both investors and researchers. Supplementing govern- 
ment grants with support from foundations, industry partners, 
and crowdfunding means that scientists must learn to navigate 
new fundraising systems. But they may also gain connections 
to broader, science-related communities. By Chris Tachibana 


& ‘Ss ingle-origin”—referring to a product that comes from 
one specific location, crop, or supplier—is now a trend 
for coffee and chocolate, but science funding is mov- 

ing toward diversification. The reason? The proportion of U.S. 

R&D supported by federal funds fell from nearly 70% in 1973 to 

below 60% in 2016, according to a U.S. National Science Founda- 

tion report (7). Nonprofit and private organizations such as the 

Bill & Melinda Gates Foundation fill the funding gap for some 

researchers, while others explore options such as direct pitches 

to industry partners, investors, and crowdfunding donors. 
Financial security is just one reason to diversify funding. 

Small awards from institutional sources, foundations, or crowd- 

funding can replace money lost to budget cuts. Supplemental 

funding can also support preliminary data collection for a 

larger proposal. Additionally, industry or investor partners may 

provide both funding and business mentoring for a scientist 
whose project has commercial potential. Or researchers can 
endorse open science while raising money on crowdfunding 
and science-challenge platforms. This article explores alterna- 
tive funding resources that supplement or replace traditional 
government mechanisms. 


Broadening your funding base 

Nicole Achee, research associate professor in biological 
sciences, University of Notre Dame, Indiana, has a compelling 
reason to vary her funding sources. Her research goes “from lab 
to field,” using laboratory assays to evaluate methods to control 
insects that carry diseases, then testing the effectiveness of 
those methods where disease occurs. In addition to support 
from the U.S. Department of Defense, the U.S. Agency for 
International Development, the U.S. National Institutes of Health, 


Upcoming features 
Top Employers Survey-October 26 @ Artificial Intelligence-November 30 


and industry, Achee’s team is receiving about USD 14 million 
from the Bill & Melinda Gates Foundation for work on Aedes- 
borne viruses such as dengue and Zika. 

“The more diversified your funding,” Achee says, “the 
more you have to be aware about what is due and when.” 
Government funding is often timed to the fiscal year, she says, 
but foundations may have completely different schedules. 

A competent program manager to track paperwork and 
deadlines is critical. 

To broaden a funding base, Achee advises following news from 
organizations that specialize in your field and regularly searching 
for novel funders that fit your research. Work with your institution’s 
development and grants office to find opportunities with industry 
partners, private foundations, and nongovernmental organiza- 
tions. Companies such as Instrument! provide this service for a fee. 

Once you have money from a donor organization, Achee says, 
you may be asked to serve on their committees and panels. "Say 
yes,” she advises. “You'll be part of discussions that shape the 
research agenda, and you'll hear about upcoming funding calls.” 
People you meet through these activities can lead to further con- 
nections. “It opens the door to larger networks of funding oppor- 
tunities,” she adds. 

Researchers can also network through their own teams. A 
multidisciplinary, international group ensures diverse expertise 
and perspectives—and possibly funding as well, notes Achee. 
Some foundations give awards only to researchers based in 
certain countries, but these scientists can participate in 
global collaborations. 

Thinking creatively about potential funders can pay off. An 
agricultural or brewing industry association might fund fungal 
genomics or chemical analysis of water or soil, for instance. The 
American Chemical Society (ACS) Petroleum Research Fund 
supports Manny Curotto, professor and chair of chemistry and 
physics at Arcadia University in Pennsylvania, in his fundamen- 
tal research on quantum methods, a field that is relevant to 
energy storage. 

The fund gives nearly 200 grants a year, totaling USD 17 
million in 2017, and is part of alarger ACS program cont.> 
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Manny Curotto 


Featured participants 


Arcadia University 
www.arcadia.edu 


Biotechnology Innovation 
Organization 
www.bio.org 


Crowd.Science 
crowd.science 


Experiment 
experiment.com 


Royal Botanic Gardens, Kew 
www.kew.org 


Thinkable 
www.thinkable.org 


University of Notre Dame 
www.nd.edu 


Olwen Grace 


supporting research and education. Curotto finds that the 
funding process and paperwork are similar to what is required 
for government grants, although if you're used to the submission 
system of a particular agency, he advises, expect to spend time 
learning the quirks of a new system. 

Curotto tells early-career researchers at primarily undergraduate 
institutions to look into awards from the U.S. National Science 
Foundation, Camille & Henry Dreyfus Foundation, and Research 
Corporation for Science. “And don't give up,” he says. Funding 
agencies want to see that recipients can manage a grant and 
deliver what they have proposed, so “it always looks better if you've 
had other grants.” Internal institutional awards help researchers 
demonstrate competence in grant management, and can also aid 
them in getting preliminary data for external grants. 


Fundraising through public engagement 

Researchers with projects that appeal to the public can explore 
crowdfunding, which is asking for donations (or sometimes offering 
equity in a startup enterprise) through an online platform. Crowd- 
funding is best known for sites such as Kickstarter, where celebrities 
raise millions of dollars for humanitarian projects. However, scien- 
tists can select from research-specific platforms, including some in 
German, French, and Japanese. Researchers create a site on the 
platform describing their project in text, photos, and videos, then 
campaign for donations until their deadline is reached, usually a 


ADVERTISING FEATURE: Produced by the Science/AAAS Custom Publishing Office 


few months later. Some platforms are all-or-nothing, with research- 
ers receiving donations only if they reach a self-imposed goal; oth- 
ers send all money raised. Platform fees are usually a percentage of 
funds raised. Some, but not all, offer donor gifts such as a lab tour. 

Experiment (formerly Microryza) is one of the first science- 
specific crowdfunding sites. Although one campaign driven by an 
exceptionally extensive network raised USD 2.6 million to study 
Batten disease, a fatal, inherited disorder of the nervous system, the 
average amount raised is about USD 4,100. Cindy Wu, Experiment 
cofounder, says that crowdfunding is an efficient way to raise seed 
funding, and emphasizes that the process is more transparent and 
less restricted than traditional mechanisms. “Grad students often 
tell me that Experiment gave them the freedom to work on their 
idea without tailoring it to a grant or foundation,” she says. A 2018 
National Bureau of Economic Research working paper shows that 
crowdfunding supports projects initiated by people who don't 
usually get grants. More than 60% of Experiment crowdfunders at 
educational institutions were students or postdocs. 

Crowdfunding worked for Olwen Grace, a scientist at the Royal 
Botanic Gardens, Kew, United Kingdom. Like Achee’s research, her 
study on the evolution of succulent plants spans both field and lab 
work. She needs a broad funding base to cover activities ranging 
from traveling for sample collection and habitat observation to 
analyzing data in her London laboratory. 

In 2016, Grace ran a successful crowdfunding campaign to 
fund sequence analysis of plants related to Aloe vera. Because 
it often contributes ingredients to skin-care products, aloe is “a 
charismatic plant,” says Grace, and her colleagues urged her 
to use it to crowdfund her work on desert plant evolution. Her 
campaign raised GBP 10,700, which Grace says could have come 
from a few small grants, “but this boost of a single grant from the 
crowdfunding campaign allowed us to do the work much faster.” 

Grace used the Crowd.Science (formerly Walacea) platform. 
Natalie Jonk, Crowd.Science cofounder, says crowdfunding has 
two parts. The first is creating a campaign page that’s appealing to 
backers. The second, harder task is attracting people to that page 
by thinking carefully about outreach. "It's a bit of a chain reaction,” 
she says, “building trust by getting your friends, family, and peers 
to promote you. People further down the chain like to see that a 
project has funding before they contribute.” 

Grace recalls that the effort of preparing the campaign video, 
researcher bios, and website was less stressful than grant writing. 
However, when the campaign was live, “it required constant 
attention,” she says. Teamwork, including help from fundraising 
experts at the Royal Botanic Gardens, Kew, was crucial, especially 
for “passing the social media baton,” to ensure that someone was 
always promoting the campaign online and monitoring responses. 

An overarching goal of science crowdfunding is community 
building and raising public interest in research. Grace sends 
regular research reports to her backers. These are like grant 
progress reports, she says, but have “a lighter touch,” and include 
explanations of techniques and results for nonscientists. Sometimes 
she has to report that “we're still working on it,” but honest 
communication is the point. “The donors are expressing interest 
in our work, so the least we can do is show them what it looks like 
when we do our research,” she adds. 

Crowd.Science offers researchers who campaign on its plat- 
form the additional service of seeking support on their cont.> 
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UCSan Diego 
Biological Sciences 


The Division of Biological Sciences at the University of California, San Diego (www.biology.ucsd.edu) invites 
applications from outstanding candidates for the following faculty positions. All candidates must have earned a 
Ph.D. or equivalent degree, and be committed to teaching at the undergraduate and graduate levels. In addition to 
excellence and creativity in research and scholarship, successful candidates must also demonstrate a commitment to 
equity and inclusion in higher education. We are especially interested in candidates who have created or contributed 
to programs that aim to increase access and success of underrepresented students and/or faculty in the sciences, and/ 
or have detailed plans to accomplish such goals. 


Computational & Theoretical Neuroscience: The Section of Neurobiology invites applications for a faculty 
position in Computational and Theoretical Neuroscience at the tenure-track Assistant, or tenured Associate or Full 
Professor level. Candidates who investigate the function and dynamics of neuronal circuits by the development 
of mathematical models, computer simulations, or novel approaches to data analysis and information processing are 
encouraged to apply. Solely theoretical research programs as well as those with a wet-lab component will be considered. 
The Neurobiology Section is a highly interactive group that seeks colleagues who complement existing strengths. 


Host/Microbe Interactions: The Section of Molecular Biology invites applications for a faculty position in Host/ 
Microbe Interactions at the tenure-track Assistant Professor level. We are broadly searching for applicants working 
towards a mechanistic understanding of microbiomes, host-microbe interactions, and/or microbe-microbe interactions. 
Research topics could include, but are not limited to, beneficial or antagonistic interactions of viruses, bacteria, archaea, 
protozoa, or fungi with each other or their hosts. This position will complement existing strengths in this area. 


Microbial Ecology: The Section of Ecology, Behavior and Evolution invites applications for a faculty position in 
Microbial Ecology at the tenure-track Assistant Professor level. We are broadly searching for a microbial ecologist. 
Research topics could include, but are not limited to, soil microbial community structure and function, plant-microbe 
interactions, and the role of microbiomes in species interactions in nature. This position will complement existing 
strengths in this area. 


Neural Circuits: The Section of Neurobiology invites applications for a faculty position in the broad area of Neural 
Circuit Studies at the tenure-track Assistant Professor level. Candidates should employ state-of-art technologies to 
address fundamental questions related to the development, function and disease of the nervous system. Our faculty are 
engaged in a number of areas of neuroscience research, including molecular/cellular/developmental neurobiology, 
neural circuit dissection, and neural systems and behavior. The new faculty member will have ample opportunities 
for rich intellectual interactions with highly supportive Section colleagues while developing his/her independent 
research program. 


Plant Biology: The Section of Cell & Developmental Biology invites applications for a faculty position in Plant 
Biology at the tenure-track Assistant, or tenured Associate or Full Professor level. Candidates studying any plant 
species are welcome to apply. Research focused on mechanistic understanding is especially encouraged. This highly 
interactive group is looking for colleagues who will bring novel approaches, either technical or conceptual, to their 
study of plant biology. 


Review of applications will commence on October 26, 2018 and will continue until all positions are filled. Interested 
applicants must submit a cover letter, curriculum vitae, statement of research, statement of teaching, a statement 
describing their past experience and leadership in fostering equity and diversity and/or their potential to make future 
contributions, and 3-5 publications. Applicants at the Assistant Professor level need to submit 3-5 references, and 
applicants at the Associate or Full Professor level need to provide contact information for 3-5 references. Applications 
must be submitted through the University of California San Diego’s Academic Personnel RECRUIT System at: 
https://apol-recruit.ucsd.edu/apply. 


The Division of Biological Sciences at UC San Diego is a vibrant center of scientific discovery, innovation, and 
collaboration. Our large research base spans many areas of biology and has one of the most celebrated graduate 
programs in the country. We are committed to academic excellence and diversity within the faculty, staff, and student 
body. 


UCSD is an Affirmative Action/Equal Opportunity Employer with a strong institutional 
commitment to excellence through diversity. 


(http://diversity.ucsd.edu/) 
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behalf from philanthropists and businesses 
interested in their work. For example, outdoor 
equipment suppliers might support environ- 
mental projects. “Often scientists don’t think 
of business sponsors as an option, and they 
don't know how to approach corporate mar- 
keting or social responsibility departments,” 
says Jonk. The success of this strategy var- 
ies, but she hopes that as the platform grows, 
their sponsor network will expand. “We've 
had about 5,000 people back projects, and 
Experiment has had more than 40,000,” she 
says. “When that figure is a million, we'll have 
a community we can reach out to with projects 
we know are interesting to them.” Jonk’s vision 
is to tailor outreach to groups as large as hun- 
dreds of thousands of people who have backed 
similar projects. 

The Experiment platform also offers possibilities beyond just 
crowdfunding. Campaigns may be eligible for challenge grants 
in which projects within a field such as botany or archaeology 
compete to attract the most donors for a bonus award. In honor 
of Earth Day 2018, the CAA Foundation, the philanthropic arm of 
the entertainment industry's Creative Artists Agency, fully funded 
nine environmental projects on the Experiment site for a total gift 
of USD 25,000. 

Attracting a global audience for foundations and other 
funders is the mission of Thinkable, founded by Ben McNeil, 
climate researcher at the University of New South Wales in 
Australia. Giving away money is harder than you might think, 
McNeil says. Established foundations have their own platforms 
and networks for attracting proposals, but smaller foundations, 
philanthropists, academic institutions, companies, and nonprofit 
organizations often need help promoting their awards. 
“Everyone is so consumed by information,” McNeil comments, 
“that funders need targeted, efficient channels to find their 
audience. We provide a community they can reach out to. We try 
to get funders’ causes and scientists’ research in front of as many 
eyeballs as possible.” 

Thinkable’s services include hosting a funder’s campaign page 
and offering guidance about application forms and judging. The 
model has been compared to HeroX, which runs problem-solving 
challenges, except that Thinkable is focused on research, McNeil 
says. Thinkable helps scientists who are part of the platform's 
community match their research to funding opportunities. And 
scientists who participate in contests inevitably raise the profile of 
their research, notes McNeil. 

Thinkable users include companies that want maximum publicity 
for a science prize and universities holding a contest to motivate 
researchers to make and share videos showcasing their science. 
An example is the World Science Festival Brisbane's annual 
Queensland Women in STEM Prize, for which each applicant 
supplies a page with a video, McNeil says. The award site gets 
more than 100,000 views, so “everyone who applies is a winner.’ 

McNeil's ultimate goal aligns with science crowdfunding: 
opening science to the public and helping researchers connect 
with a broader audience. He is particularly motivated to support 
young scientists doing multidisciplinary, high-risk research. 


Willie Reaves / 


G 


ADVERTISING FEATURE: Produced by the Science/AAAS Custom Publishing Office 


Researchers whose projects have commercial 
potential can find another audience. McNeil 
observes, “In my view, the biggest source of 
potential new funding comes from industry 
groups looking to partner with researchers and 
startups around the world.” Global matching 
of researchers and industry partners is part of 
Thinkable’s services. Researchers can also pitch 
directly to industry funders and investors. 


Biotech big leagues 

Researchers with potentially marketable life 
science projects and business ambitions can get 
a four-day introduction to the biotechnology 
world at annual trade conferences hosted by the 
Biotechnology Innovation Organization (BIO). 

A feature of the annual BIO International 
Convention, which boasted more than 18,000 
attendees in 2018, and of the BIO World Congress on Industrial 
Biotechnology, is BIO’s One-on-One Partnering system. BIO’s 
director of partnering products and services, Willie Reaves, says 
the system is also available at other conferences, including regional 
biotech meetings. Participants in the system create a profile with 
text, images, and video, peruse profiles of industry R&D and 
business-development representatives from around the world, 
and then make appointments for 30-minute meetings during 
the conference they will be attending. At the BIO International 
Convention, meetings happen in 600 booths in a sportsfield-sized 
area, Reaves explains. Scientist-inventors may be represented 
by their institute's technology transfer office, or they can attend 
themselves. The point of the meetings, he says, “is to spark 
conversations or follow up on a previous contact to discuss 
commercialization.” Scientists who are ready to launch a startup can 
request space from science parks and incubators in the partnering 
system. The atmosphere is intense—there were 3,900 partnering 
companies and 46,916 meetings at the 2018 conference, for 
example—but attendees who can handle that atmosphere can be 
productive. “One participant,” Reaves says, “said he made as many 
contacts that week as he did during the entire year.” 

The BIO International Convention has an academic area for 
university researchers and people interested in partnering with 
them. Researchers who have advanced to the startup stage might 
participate in investor pitching at a startup stadium and get advice 
from industry and investor judges. 

Government funding is still the cornerstone of research 
support, but scientists have other options. Success with these 
options requires identifying, interacting with, and participating 
in communities of foundations, investors, or citizens interested 
in your field. A critical element is to align your project with the 
funder’s scope, whether it is a foundation, industry, or individual 
donor. Reaves says that “specificity and targeting” are critical, and 
those who have tried the alternate-funding route advise being 
persistent to find the right fit. 

References 
1. U.S. National Science Foundation, National Science Board 


Science & Engineering Indicators 2018; available at www.nsf.gov/ 
statistics/2018/nsb20181. 


Chris Tachibana is a science writer based in Seattle, USA, and Copenhagen, Denmark. 
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OPPORTUNITIES IN BIOMEDICAL RESEARCH 
¢ Cancer Genetics 

¢ Cell Signaling & Regulation 

¢ Chemistry & Chemical Biology 

¢ Computational Biology 

¢ Developmental Biology 

¢ Experimental Therapeutics 

¢ Genome Integrity, Gene Expression, and Epigenetics 
¢ Immunology 

¢ Stem Cell Biology & Regenerative Medicine 

¢ Structural Biology 


JOIN OUR FACULTY 


Successful candidates will hold an appointment in one of SKI’s research programs. 
Candidates may apply to up to two programs: 


Chair: Scott Lowe, PhD 

Chair: Dana Pe’er, PhD 
Chair: Kristian Helin, PhD 

Chair: Kathryn Anderson, PhD 
Chair: Derek Tan, PhD 

Chair: Alexander Rudensky, PhD 


Chair: John Petrini, PhD 


Chair: David Scheinberg, MD, PhD 


Chair: Nikola Pavletich, PhD 


Visit to learn more. 


RESEARCH AND TRAINING 


¢ 130 research laboratories housed in state-of-the-art buildings 
¢ Core facilities offering cutting-edge scientific services 
* Over 800 pre- and post-doctoral trainees 


¢ Appointments in the Gerstner Sloan Kettering Graduate School of Biomedical 
Sciences and the Weill Cornell Graduate School of Medical Sciences 


Application deadline: 
Apply at: 


MSK is an equal opportunity and affirmative action employer committed to diversity and inclusion in all aspects of recruiting and employment. 
All qualified individuals are encouraged to apply and will receive consideration without regard to race, color, gender, gender identity or expression, 
sexual orientation, national origin, age, religion, creed, disability, veteran status or any other factor which cannot lawfully be used as a basis for an 


employment decision. 


online @sciencecareers.org 
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University of Pittsburgh 
FACULTY POSITIONS 


Center for Vaccine Research 


The Center for Vaccine Research (CVR) ofthe University 
of Pittsburgh invites outstanding scientists to apply for 
up to four tenure-track faculty positions at Assistant 
and Associate Professor levels. This interdepartmental 
center seeks to recruit faculty working on BSL-2, BSL- 
3 pathogens and/or select agents who are focusing 
on understanding the pathogenesis of infectious 
diseases with a view to translating this knowledge to 
the early stage development of creative interventions 
against clinically-relevant human = and_= animal 
pathogens. Applicants with research interests in 
rational attenuation, predictive vaccinology, the novel 
delivery of biopharmaceuticals or who use platform- 
based approaches to mitigate emerging infectious 
diseases would be ideally aligned with the mission 
of CVR. 


The University of Pittsburgh is currently ranked 
number three nationally for NIH funding. The center 
encompasses approximately 20,000 square feet 
of space, including the Regional Biocontainment 
Laboratory, and offers comprehensive accom- 
modations for BSL-2, BSL-3 and BSL-3+ work. 
Biocontainment facilities include ten dedicated 
laboratories permitting in vitro work on select agents; 
an aerobiology core for computerized quantitative 
aerosol exposure in animal models; four fully 
equipped ABSL-3 facilities for in vivo infection and 
challenge studies; a necropsy suite and state-of-the- 
art multimodal whole animal imaging capabilities. 


Applicants must hold a PhD (with or without 
DVM, MD) and postdoctoral research experience. 
Successful candidates are expected to have, or to 
establish independent, nationally and internationally 
recognized, externally funded research programs and 
contribute to teaching in graduate and/or professional 
curricula. 


Salary, rank, and academic appointment will be 
commensurate with qualifications and experience. 
Competitive start-up, compensation and benefits 
packages are available. 


Learn more about the work in the CVR by visiting our 
website: www.cvr.pitt.edu 


Applicants should submit i) a cover letter ii) a 
statement of research accomplishments and plans 
iii) a Curriculum vitae and iv) the names and contact 
information for at least three professional references 
to the CVR Search Committee c/o W. Paul Duprex, 
PhD, Director Center for Vaccine Research via 
CVRinfo@pitt.edu (subject line: CVR Faculty Search). 


The University of Pittsburgh is an Affirmative Action/ 
Equal Opportunity Employer and values equality of 
opportunity, human dignity and diversity. 
EEO/AA/M/F/Vets/Disabled. 


University of Pittsburgh * Center for Vaccine Research 
9014 Biomedical Science Tower 
3501 Fifth Avenue « Pittsburgh, PA 15261 * USA 


Yale 


UNIVERSITY 


Department of Genetics 
Yale University School of Medicine 


Professor of Genetics and 
Director of the Center for Genomic Health 


The Department of Genetics at Yale University School of Medicine 
is searching for a Professor of Genetics with an outstanding record 
of transformative scientific achievements in Human Genetics 
and Genomics. We expect that the candidate will lead a vigorous 
cross-disciplinary research program focused on identifying and 
characterizing genetic drivers of human disease. As a leader of human 
genetics both within the department and across the Yale School of 
Medicine, the successful candidate will have the opportunity to 
recruit other human geneticists to the Genetics Department and lead 
a new program in precision medicine as the Scientific Director of the 
Yale Center for Personalized Medicine and Genomic Health. 


We are looking for a dynamic, internationally recognized scientist 
(Ph.D., M.D., or M.D./Ph.D.) with an outstanding research record of 
scientific discoveries, as well as a strong track record of training the 
best innovators in the field of human genetics and genomics. 


To apply, please submit your CV to http://apply.interfolio. 
com/45539 to the attention of Antonio Giraldez, Chair of Genetics. 
Applications will be reviewed until the position is filled. Inquiries 
should be addressed to neltja.brewster@yale.edu. 


Tenure-Track Faculty Position 
(Assistant/Associate/Full Professor) 


The Department of Genetics at Yale University School of Medicine 
invites applications for junior or senior tenure-track faculty positions. 
The search is open to investigators from all areas of biological and 
biomedical research. We are particularly interested in applicants 
working in one of the following areas: Developmental Biology, 
Imaging, Quantitative Biology, Computational Biology, Genomics, 
Systems Biology, and Genetics. Applications from investigators 
working at the interface of these areas will be strongly considered. 
The rank of the appointment will be commensurate with experience 
and the positions come with a substantial start-up package. 


The Department of Genetics comprises an exceptional group of 
31 primary basic science faculty with research interests including 
fundamental aspects of Developmental Biology, Genetics, Genomics 
and Epigenetics, using different model systems including flies, worms, 
fish and mouse, and humans (https://medicine.yale.edu/genetics/). 
The Department is closely associated with science initiatives at Yale 
including The Cancer Center, The Center for Neuroscience, The Stem 
Cell Center and the Yale Center for Genome Analysis. 


Candidate must hold a Ph.D., M.D., or equivalent degree. Applicants 
should upload a cover letter, a curriculum vitae, a description of 
previous research (1 page), a concise statement of research plans (up 
to 2 pages), reprints of 2 publications, and the names of 3 references 
to the Interfolio website at: https://apply.interfolio.com/52614. 
Specific inquiries about the position may be sent to the attention 
of Dr. Antonio Giraldez, Chair of the Department of Genetics, at 
genetics.admin@yale.edu. Applications will begin to be evaluated 
on November 1, 2018. 


Interviews will take place as part of a multidisciplinary symposium 
including candidates for different searches. Please reserve the dates 
of January 15, January 22 and February 11 (snow date) as potential 
dates for the symposium in case you are selected for an interview. 


Yale University is an Affirmative Action/Equal Opportunity 
Employer. Yale values diversity among its students, staff, and 
faculty and strongly welcomes applications from women, 
persons with disabilities, protected veterans, and 
underrepresented minorities. 


’ Faculty Positions in Integrative Biosciences 
WAYNE STATE IBio 


UNIVERSITY 
Wayne State University (WSU) is recruiting up tol5 faculty (open rank) for research and development programs as part of the continued expansion of a broad 
institutional initiative in Integrative Biosciences. This initiative leverages a new 200,000 sq. ft. Integrative Biosciences Center (IBio) that houses coordinated inter- and 
trans-disciplinary research teams, and a Clinical Research Center. Programmatic themes include a focus on pathophysiologies and accumulated stressors affecting 
health in evolving urban environments with a strong emphasis on basic disease mechanisms, clinical translation and community health impact. 


Ten faculty have been recruited to date as part of the [Bio initiative and we are now entering the next phase of thematic-based, programmatic growth. Faculty 
recruitment (tenured, tenure-track, or research-track) will focus on six primary thematic areas: Behavioral Health (#043728); Bio & Systems Engineering (#043729); 
Environmental Sciences and Health (#043725); Health Disparities (#043726); Metabolic Diseases (Cardiovascular, Diabetes and Obesity) (#043727); and Translational 
Neurosciences (#043730). Each theme includes basic discovery-driven research as well as translational, community and implementation sciences cutting across 
departments, programs, centers, and colleges. 


Faculty recruits (tenured or tenure-track) will integrate with departments and colleges or schools consistent with their areas of expertise and shared interests and 
engage in all aspects of our academic mission including research, education and service. Faculty are expected to either already have established extramural research 
funding and/or are on a clear path to secure and sustain extramural funding in support of their research programs. 


Candidates must have a Ph.D., M.D., Pharm.D. and/or related degree(s) in disciplines aligning with the focus areas and possess a demonstrated track record of 
exceptional science, creative discovery and/or knowledge translation and application. We would be pleased to receive applications from groups of faculty from one or 
several institutions who may wish to work together. Qualified candidates should submit applications to the specific thematic position posting # identified above through 
the Wayne State University Online Hiring System https://jobs.wayne.edu/applicants/jsp/shared/Welcome_css.jsp. Applications should include a curriculum vitae 
and a brief narrative describing their research and how it relates to the Integrated Biosciences initiative (http://www.IBio.wayne.edu) with a cover letter addressed 
to the IBio Steering Committee Chair, Stephen M. Lanier, Ph.D. Vice President for Research. Review of applications for the next phase of recruitments will begin 
immediately with applications accepted through October 30, 2018. Competitive recruitment packages are available with salary and rank based on qualifications. 


Wayne State University, which holds the highest Carnegie Foundation for the Advancement of Teaching designations in both research and community engagement, 
is a premier, public, urban, comprehensive research university located in the heart of Detroit where students from all backgrounds are offered a rich, high quality 
education. Our deep-rooted commitment to excellence, collaboration, integrity, diversity and inclusion creates exceptional opportunities for students and faculty in a 
diverse, global society. WSU encourages applications from women, people of color, and other underrepresented people. Wayne State is an Affirmative Action/Equal 
Opportunity Employer. 


Founded in 1868, Wayne State University offers more than 370 academic programs through 13 schools and colleges to nearly 28,000 students. The campus in 
Midtown Detroit comprises 100 buildings over 200 acres including the School of Medicine, the Eugene Applebaum College of Pharmacy and Health Sciences and 
the College of Nursing. The university is home to the Perinatology Research Branch of the National Institutes of Health, the Karmanos Cancer Center, a National 
Cancer Institute-designated comprehensive cancer center, and a National Institute of Environmental Health Sciences Core Center - Center for Urban Responses to 
Environmental Stressors (CURES). 


v Faculty Positions in Environmental Health Sciences IB 


WAYNE STATE 
UNIVERSITY 

As part of a broad institutional initiative in integrative biosciences and environmental health sciences, Wayne State University (WSU) and the Institute of Environmental 
Health Sciences (IEHS) are recruiting up to three faculty positions (tenured or tenure-track, open rank). The program in environmental health sciences fosters 
interdisciplinary, integrative, and collaborative approaches to environmental disease prevention with primary areas for recruitment as follows. 

* environmental epidemiology 

* mechanisms underlying environmental exposure-mediated toxicities 

+ life-course factors affecting environmental health risk 

* predictive modeling of toxicant exposure and health outcomes 


WSU and the IEHS serve as headquarters for the Center for Urban Responses to Environmental Stressors (CURES), a National Institute of Environmental Health 
Sciences supported core center. CURES is situated in the heart of Detroit in the new Integrative Biosciences Center, a fulcrum for leading-edge technology platforms 
and specialized resources in support of advanced studies in precision environmental exposure science. 


Through research, community engagement, and education, the CURES team of researchers and community partners seek to discover, investigate, and solve complex 
environmental health problems that affect humans exposed to chemical and non-chemical stressors in a dynamic urban environment. Successful faculty candidates will 
have a Ph.D., M.D., or equivalent degree in biomedical sciences relevant to environmental health sciences with evidence of peer recognition in the field, a commitment 
to excellence in research education and training, and the ability to engage with broader environmental science themes for the purpose of achieving transformative and 
translational research gains. Applicants are expected to have already established extramural research funding or to be on a clear path to secure extramural funding in 
support of their research programs. Faculty recruits will integrate with departments and colleges or schools consistent with their areas of expertise and shared interests 
and engage in all aspects of our academic mission, including research, training, instruction and service. 


Competitive recruitment packages are available with salary and faculty rank based on qualifications. Applicants are encouraged to apply to posting #043725 through 
the WSU Online Hiring System https://jobs.wayne.edu. Applications will be accepted until positions are filled, but for full consideration this fall, application materials 
should be submitted by November 30, 2018. Applications should include a curriculum vitae and a brief narrative cover letter addressed to the Director of IEHS and 
the Vice President for Research, indicating the applicant’s potential for research synergy within the CURES environmental health science programs and the broader 
institutional initiative in integrative biosciences. 


Wayne State University is a premier, public, urban research university located in the heart of Detroit where students from all backgrounds are offered a rich, high 
quality education. Our deep-rooted commitment to excellence, collaboration, integrity, diversity and inclusion creates exceptional educational opportunities preparing 
students for success in a diverse, global society. WSU encourages applications from women, people of color and other underrepresented people. WSU is an affirmative 
action/equal opportunity employer. 


Founded in 1868, Wayne State University offers a range of academic programs through 13 schools and colleges to nearly 28,000 students. The campus in Midtown 
Detroit comprises 100 buildings over 200 acres including the School of Medicine, the Eugene Applebaum College of Pharmacy and Health Sciences, and the College 
of Nursing. The University is home to the Perinatology Research Branch of the National Institutes of Health and the Karmanos Cancer Center, a National Cancer 
Institute-designated comprehensive cancer center. WSU holds designations for research and community engagement in the Carnegie Foundation for the Advancement 
of Teaching. WSU features a strong faculty mentoring program and offers rich opportunities for professional growth and career development. 
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Baylor 
€ ‘ollege of 
Medicine 


Baylor College of Medicine* 


DEPARTMENT OF MOLECULAR AND HUMAN GENETICS 
TENURED/TENURE TRACK FACULTY POSITION in GENETICS/GENOMIC INSTABILITY 


Among genetics departments at U.S. medical schools, the Department of Molecular and Human Genetics at Baylor College of Medicine (https://www.bem.edu/ 
departments/molecular-and-human-genetics/) ranks first in both number of grants and total funding from the National Institutes of Health. The Department of 
Molecular and Human Genetics provides a bridging environment for physicians and basic scientists, promoting a cross-species approach to functional genetics 
and a commitment to technology transfer. Activities within the Department include clinical genetics, basic and clinical research, a new joint venture diagnostic 
laboratory, long-standing association with a NIH large scale human genome sequencing centers, medical student teaching, a MS Genetic Counseling program, a 
Ph.D. graduate program, and residency/fellowship training in medical genetics. 


The Department has over $100 million in total research funding, 70 primary tenured and tenure-track research faculty members and a total of 140 primary faculty 
members, who are engaged in a variety of missions including basic and translational research, clinical diagnostic services, and prenatal, pediatric, and adult clinical 
care. To expand our translational impact, we established a uniquely structured and governed joint venture diagnostic laboratory, Baylor Genetics, and a Baylor 
College of Medicine/Chinese University of Hong Kong Center for Medical Genetics in Hong Kong that together will help to expand our clinical, diagnostic, and 
educational mission to a world-wide audience. 


The Department’s research interests include genomics, mammalian development, the metabolic and genetic bases for inherited human disease, gene therapy, gene 
structure and expression, mechanisms of DNA replication and repair, mutation, DNA recombination, genomic instability and cancer, cytogenetics, behavioral genetics, 
bioinformatics, and the biology of aging. Department research includes strengths in human, bacterial, mouse, yeast, Drosophila, worm and Dictyostelium genetics. 


The Department is seeking an individual for faculty appointment at rank appropriate for achievement and experience. Appointment will be at the Assistant, Associate, 
or Full Professor level depending on experience. Successful candidates will have strong basic research programs related to genetic/genomic stability or instability, 
genome organization, genomics including but not limited to DNA replication, repair, mutation, genome rearrangements, DNA damage response, mechanisms of 
evolution, studied in any organism from bacteria to human. However, outstanding individuals in any area will be considered. Generous start-up support is available. 


Curriculum vitae, a brief summary of research plans, letters of reference, along with the names, addresses, and phone numbers of at least three references to the 
following email address: mhgfacultyrecruits@bcm.edu 
Department of Molecular and Human Genetics 
Baylor College of Medicine 
One Baylor College of Medicine, ABBR Room R830 
Houston, TX 77030 
Phone: 713-798-5443 
Fax: 713-798-8515 


Equal Opportunity, Affirmative Action and Equal Access Employer. 


TENURE-TRACK ASSISTANT PROFESSOR 
PHYSICAL CHEMISTRY 


Harvard University Faculty of Arts and Sciences 
Department of Chemistry and Chemical Biology 


Position Description: Candidates are invited to apply for a tenure-track 
assistant professorship in physical chemistry, broadly defined, including 
experimental and theoretical research in areas such as but not limited to atomic 
and molecular physics, biophysical chemistry, condensed matter, quantum 
science and ultrafast spectroscopy. The appointment is expected to begin on 
July 1, 2019. The tenure-track professor will be responsible for teaching at 
the undergraduate and graduate levels. We are seeking candidates who have 
an outstanding research record and a strong commitment to undergraduate 
and graduate teaching. 


Basic Qualifications: Doctorate or terminal degree in chemistry or related 
discipline required by the time the appointment begins. 


Additional Qualifications: Demonstrated experience in teaching is desired. 


Special Instructions: Please submit the following materials through the ARIeS 
portal (http://academicpositions. harvard.edu/postings/8371). Applications must 
be submitted no later than October 15, 2018. 
1. Cover letter 
2. Curriculum Vitae with publications list 
3. Teaching statement (describing teaching approach and philosophy) 
4. Outline of future research plans 
5.Names and contact information of 3-5 references. Three letters of 
recommendation are required, and the application is complete only when 
all three letters have been received. 
6. Selected publications 


Contact Information: Susan M. Kinsella, Search Administrator, Department 
of Chemistry and Chemical Biology, Faculty of Arts and Sciences, Harvard 
University, 12 Oxford St., Cambridge, MA 02138. Phone: 617-496-4088. 
kinsella@chemistry.harvard.edu 


Harvard is an Equal Opportunity Employer and all qualified applicants will 
receive consideration for employment without regard to race, color, religion, 
sex, national origin, disability status, protected veteran status, gender 
identity, sexual orientation, pregnancy and pregnancy-related conditions, or 
any other characteristic protected by law. 


FACULTY POSITION IN 
REGENERATIVE BIOLOGY AND 
MEDICINE 


Duke. 


Regeneration Next Initiative 
Department of Pharmacology and Cancer Biology 


regenerationN 


Regeneration Next (RNI) is a campus-wide initiative to stimulate high 
impact research that crosses disciplinary boundaries in regenerative biology 
and medicine. The Department of Pharmacology and Cancer Biology is a 
collaborative basic science department broadly focused on cellular signaling 
and its impact on disease. 


RNI is partnering with the Department of Pharmacology and Cancer Biology 
to hire a tenure-track faculty member at the rank of Assistant Professor. An 
appointment at the Associate or Full Professor level may be possible for 
exceptional senior applicants. 


We invite applications from accomplished candidates with expertise in 
developmental and cell biology, stem cell biology, mechanisms of tissue 
regeneration, quantitative biology, imaging, signaling, chemical biology, or 
related areas. Candidates must have a PhD, MD, or equivalent degree. Women 
and underrepresented minority candidates are especially encouraged to apply. 


Applicants should submit a curriculum vitae, a 3-page total summary of 
accomplishments and research plans, and at least 3 letters of recommendation by 
November 1, 2018 to AcademicJobsOnline.org: https://academicjobsonline. 
org/ajo/jobs/11605. Questions may be directed to: Don Fox, Chair of the Search 
Committee (don.fox@duke.edu) or Ken Poss, Director, RNI (regeneration@ 
duke.edu) 


Duke University is an Affirmative Action/Equal Opportunity Employer 
committed to providing employment opportunity without regard to an 
individual s age, color, disability, genetic information, gender, gender identity, 
national origin, race, religion, sexual orientation, or veteran status. 


Faculty Positions in Gene Regulation 


The Cecil H. and Ida Green Center for Reproductive Biology Sciences, an endowed basic science research center cau Giohdidae 5 f 
within the Division of Basic Research in the Department of Obstetrics and Gynecology, is recruiting to fill newly ee) ee 4 = te saa Be 
created Tenure-track Assistant Professor Positions. We invite applications from outstanding candidates studying RERLOUNCTIPE Bidlogy Scleace? 


aspects of signaling, gene regulation, and genome function, especially in the areas of chromatin and transcription, 
epigenetics, nuclear endpoints of cellular signaling pathways, nuclear receptors, RNA biology, genome organization, 
and genome evolution. We are interested in a wide variety of model systems and experimental approaches, including 
biochemistry, molecular biology, structural biology, animal models, genetics, genomics, proteomics, bioinformatics, 
and computational biology. The Green Center’s research programs focus on, but are not limited to, reproduction and 
development in a broad sense, as well as aspects of endocrinology, stem cells, cancer, metabolism, inflammation, 
immunity, and neurobiology. 


online @sciencecareers.org 


¢ Position 1: Signaling, chromatin, and gene regulation — a broad search for candidates using a wide array of 
experimental approaches to address fundamental questions in nuclear signaling, chromatin, transcription, epigenetics, 
__ and RNA biology. 


ience Careers 


The Green Center promotes and supports cutting-edge, integrative, and collaborative basic research in reproduction, 
development, and related areas of biology, as well as strong connections between basic and clinical research. This 
recruitment is part of a major university and department-supported renovation and rejuvenation of The Green Center 
over the past 8 years. Successful candidates will be housed in a newly renovated state-of-the-art research facility 
and provided a generous start-up package, and are expected to establish scientifically rigorous and externally funded 


UTSouthwestern 


Medical Center 


research programs and participate in center, department, and university teaching and training programs. To learn more about The Green Center, visit: https://www. 
utsouthwestern.edu/education/medical-school/departments/green-center/. 


Candidates must have a Ph.D. or M.D. or equivalent in a relevant field of study, postdoctoral or comparable experience, and a demonstrated record of research excellence. 
Applicants should send a letter of application, curriculum vitae, and a statement of planned research projects as pdf files to GreenCenter@UTSouthwestern.edu. 
Please indicate one of the three research areas listed above (Molecular biology of female reproduction; Gene regulation; Genomics) in the subject line of the email. 
Applicants should also arrange for three letters of reference to be sent directly to the above e-mail address. Collection and review of applications will commence October 
1, 2018 and will continue during the 2018-2019 academic year until the position is filled, but applicants are encouraged to submit their materials as soon as possible. 


UT Southwestern is an Affirmative Action/Equal Opportunity Employer. Women, minorities, veterans, and individuals with disabilities are encouraged to apply. 


Assistant Professor in 


oar] PB Theoretical Quantum 
& a enn Condensed Matter 
: cial Physics 

The Department of Physics and Astronomy at the 
University of Pennsylvania seeks applications 
from outstanding candidates for an appointment 
as Assistant Professor in theoretical quantum 
condensed matter physics. Appointment at higher 
rank can be considered in exceptional cases. The 
successful candidate will develop an innovative 
research program on quantum phenomena in 
condensed matter that attracts the participation of 
students and creates collaborative links with other 
Penn scientists and engineers. The candidate should 
have a Ph.D. in physics along with post-doctoral 
experience and will be expected to teach, to 
attract external research funding and to contribute 
actively to the Laboratory for Research on the 
Structure of Matter. Applicants must apply online 
at http://facultysearches.provost.upenn.edu/ 
postings/1404. Required application materials 
include: curriculum vitae with a list of publications, 
a research statement and a teaching statement. 
Applicants should submit the names and contact 
information for three individuals from whom we 
will request recommendation letters. Review of 
applications will begin no later than November 
1, 2018 and will continue until the position is 
filled. The Department of Physics and Astronomy 
is strongly committed to Penn’s Action Plan for 
Faculty Diversity and Excellence and to creating 
a more diverse faculty (for more information see: 
http://www.upenn.edu/almanac/volumes/v58/n02/ 
diversityplan.html). 

The University of Pennsylvania is an Equal 
Opportunity Employer. Minorities/Women/ 
Individuals with disabilities/Protected Veterans 
are encouraged to apply. 


Mane) Health 


Faculty Positions in Biochemistry & Molecular Biology 
The University of Texas Medical Branch 


The University of Texas Medical Branch (UTMB Health), Galveston, Texas, seeks multiple outstanding 
faculty candidates for tenure-track/tenured positions at the rank of Assistant Professor in the broad fields 
of Biochemistry and Molecular Biology in the Department of Biochemistry and Molecular Biology (http:// 
www.bmb.utmb.edu). The ideal candidate will have extensive experience in elucidating the mechanisms 
of important biomedical problems at a molecular / atomic level. The candidates should be energized by 
opportunities to interact with established biomedical researchers in a highly collaborative biomedical 
research community and to become outstanding mentors to students and postdoctoral fellows. Rich 
opportunities exist at UTMB for interactions and affiliations with centers of scientific excellence in structural 
biology and molecular biophysics, biodefense, molecular medicine, cancer biology, infectious diseases, 
environmental health, aging, and translational sciences (http://www.utmb.edu/centers). In addition to a 
highly collaborative environment, UTMB offers outstanding core services, including: next-generation 
sequencing, organic synthesis, mass spectrometry, optical microscopy, flow cytometry, protein expression and 
purification, molecular biology, solution biophysics, NMR, X-ray crystallography, cryo-electron microscopy, 
bioinformatics, and computational chemistry (see http://www.utmb.edu/core). Excellent opportunities for 
scientific interactions also exist through UTMB Health’s participation in the Gulf Coast Consortia and the 
Keck Center for Interdisciplinary Bioscience (http://www. gulfcoastconsortia.org). We will accept and review 
applications immediately until December 1*', 2018. 


A very attractive recruitment package of salary, start-up funding and newly renovated space will be offered. 
Interested applicants should submit a curriculum vitae, a summary of research accomplishments and future 
goals (max 3 pages), and contact information for three references to: Mariano A. Garcia-Blanco M.D., 
Ph.D. at BMB.Recruiting@utmb.edu. 


UTMB Health strives to provide equal opportunity employment without regard to race, color, national 
origin, sex, age, religion, disability, sexual orientation, gender identity or expression, genetic information 
or veteran status. As a Federal Contractor, UTMB Health takes affirmative action to hire and advance 
women, minorities, protected veterans and individuals with disabilities. 
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BAY LOR. 


UN I's BRS TTY 


The Department of Biology in the College of Arts & Sciences (www. 
baylor.edu/artsandsciences/) at Baylor University seeks outstanding 
applicants for the following faculty positions: 

¢ Assistant Professor in Global Change Biology (https://www. 
baylor.edu/biology/globalchangebiology) Search Committee 
Chair, Dr. Thad Scott at globalchange_biology@baylor.edu. 

* Assistant Professor in Mammalian Comparative Physiology 
(https://www.baylor.edu/biology/comparativemammalian) 
Search Committee Chair, Dr. Stephen Trumble at mammalian_ 
physiology@baylor.edu. 

* Associate to Full Professor in Cancer Biology/Immunology 
(https://www.baylor.edu/biology/cancerbiologyimmunology) 
Search Committee Chair, Dr. Myeongwoo Lee at cancerbiology_ 
immunology@baylor.edu. 

* Regular Lecturer in Biology (https://www.baylor.edu/biology/ 
lecturerinbiology) Search Committee Chair, Dr. Mark Taylor at 
biolecturersearch@baylor.edu. 


The Department of Biology has over 20 graduate faculty and 10 
undergraduate teaching faculty. We are seeking faculty candidates 
who will complement and expand existing research and teaching 
strengths in the areas of Ecology, Evolution, and Organismal 
(EEO) Biology, and Cell, Molecular, Health and Disease (CMHD) 
Biology. Our graduate programs are growing rapidly with significant 
investment from the university. 


Review of application materials will begin on October 1, 2018 
and will be accepted until the positions are filled. Visit https://jobs. 
baylor.edu/ for further details about these positions. Inquiries may be 
directed to the appropriate Search Committee Chairs listed above. To 
apply, submit all required materials (cover letter, CV, research and 
teaching statements, transcripts, and the names of references) as a 
single PDF file through the iApply application system at our Human 
Resources site: https://jobs.baylor.edu/. Finalists for these positions 
will be required to submit official transcripts for the doctoral degree 
in advance of a campus visit. 


Baylor University is a private Christian university and a nationally 
ranked research institution, consistently listed with highest honors 
among The Chronicle of Higher Education ’s “Great Colleges to 
Work For.” The University is recruiting new faculty with a deep 
commitment to excellence in teaching, research and scholarship. 
Baylor seeks faculty who share in our aspiration to become a tier 
one research institution while strengthening our distinctive Christian 
mission as described in our strategic vision, Pro Futuris (www. 
baylor.edu/profuturis/), and academic strategic plan, [J//uminate 
(www.baylor.edu/illuminate). As the world’s largest Baptist 
University, Baylor offers over 40 doctoral programs and has more 
than 17,000 students from all 50 states and more than 85 countries. 


Baylor University is a private not-for-profit university affiliated 
with the Baptist General Convention of Texas. As an Affirmative 
Action/Equal Opportunity Employer, Baylor is committed to 
compliance with all applicable anti-discrimination laws, including 
those regarding age, race, color, sex, national origin, marital 
status, pregnancy status, military service, genetic information, and 
disability. As a religious educational institution, Baylor is lawfully 
permitted to consider an applicant's religion as a selection 
criterion. Baylor encourages women, minorities, veterans, and 
individuals with disabilities to apply. 


Research Plant Physiologist/Ecologist 
USDA-ARS, Beltsville, Maryland 


Position Type: Full time, Permanent 
Salary: $81,548-$126,062/ per year + benefits 


USDA 
a 


We are seeking a highly motivated scientist to conduct research directed to 
increasing our understanding of mechanisms and diversity of plant responses 
to climate change factors; specifically, elevated carbon dioxide and/or high 
temperature and water stress at the biochemical, physiological and system 
levels; and to utilize this information to develop, test and modify models of crop 
and weed responses to climatic variability. The scientist will be a member of 
the Adaptive Crop Systems Laboratory (ACSL) at the USDA-ARS location in 
Beltsville, Maryland. ACSL scientists have an outstanding record of discovery 
and publication regarding climate change and rising levels of carbon dioxide in 
agriculture. This offers the incumbent unique opportunities to build upon these 
research areas and to collaborate with other ARS, university and private sector 
scientists as well. The successful candidate must be a U.S. citizen, hold a PhD in 
Botany or Plant Physiology, with 9 semester hours in ecology and 12 semester 
hours in physical and mathematical sciences. Experience is desired in defining 
research problems, developing and executing research plans and evaluation 
of results related to plant responses to climate change variables; the ability to 
use methodologies in developing testing and applying mathematical models 
of plant process and to simulate climate projections using field and enclosed 
facilities; and experience in publishing research in peer-reviewed scientific 
journals in plant physiology, ecology or physiological ecology. 


This announcement will open September 17, 2018 and will close on 
September 28, 2018 U.S. Citizenship is required. USDA/ARS is an Equal 
Opportunity Provider and Employer. If you have any questions regarding the 
additional duties of this position please contact Dr. V. R. Reddy at vr.reddy@ 
ars.usda.gov, (301)-504-5872 or Dr. David Fleisher at David.fleisher@ars. 
usda.gov, 301-504-7339. If you have any questions regarding the application 
process for this position please contact Elsa Ayala, Human Resources Specialist, 
at 301-504-1369 or elsa.ayala@ars.usda.gov. To view additional details about 
this position and complete application instructions, go to the USAJobs Web 
site: https://www.usajobs.gov/ and refer to announcement number ARS- 
D18E-0122. Please note that the announcement number will not be accessible 
until September 17, 2018. 


FACULTY POSITIONS AT 
THE ROCKEFELLER UNIVERSITY 


The Rockefeller University seeks exceptional, creative scientists 
to join its faculty. We invite applications from outstanding junior 
candidates for tenure-track positions and also welcome applications 
from tenured scientists at an early stage of their career. 


The University has a laboratory, rather than department-based 
organizational structure that fosters interdisciplinary research. We 
encourage applications in the following areas: 


¢ Biochemistry, Biophysics, Chemical e Neurosciences and 
Biology, and Structural Biology Behavior 
e Cancer Biology ¢ Organismal Biology and 


° Cell Biology Evolution 


: e Physical, Mathematical 
° Genetics and Genomics and Computational Biology 


¢ Immunology, Virology, and Microbiology « stem Cells, Development, 
¢ Mechanisms of Human Disease Regeneration, and Aging 


The Rockefeller University provides strong support for the work of its 
faculty including competitive salary, a range of work-life employee 
benefits, start-up funds, renovated laboratory space and state-of-the- 
art core facilities. There are extensive opportunities for collaboration 
within the University and with neighboring institutions. 


Visit http://www.rockefeller.edu/facultysearch to submit your 
application online and view further information about the positions. 


Application deadline is October 1, 2018. 


Address questions to 
facultysearch@rockefeller.edu. 


Rockefeller University is an equal opportunity 
employer and will consider all qualified 
applicants for employment without regard to 
race, color, religion, sex, sexual orientation, 
gender identity, national origin, disability or 
protected veteran status. 


Waksman Institute of Microbiology 


RU | | GERS Faculty Position in Molecular Genetics 


The Waksman Institute at Rutgers University seeks an outstanding scientist 
to fill a new faculty position at the Assistant Professor level, with a tentative 
starting date of September 1, 2019. The academic appointment will be in the 
Division of Life Sciences within the School of Arts and Sciences at Rutgers. 


We are seeking individuals with research interests that complement and 
expand our existing strengths, including genetics, developmental biology, 
neurobiology, reproductive biology, cell biology, gene regulation, genomics, and 
metabolomics. We are particularly interested in individuals who use invertebrate 
animal model systems (e.g., Drosophila, C. elegans). The candidate will teach 
and develop undergraduate and graduate courses in these areas, supervise 
students in the laboratory, and serve on departmental and university committees. 


The Waksman Institute is home to over 15 faculty members who use a broad 
range of approaches and experimental systems in numerous well-funded 
research programs. The Institute is part of a vibrant and interactive life sciences 
community that includes the School of Arts and Sciences Division of Life 
Sciences, the Center for Advanced Biotechnology and Medicine, the Cancer 
Institute of New Jersey, the Human Genetics Institute of New Jersey, and the 
Robert Wood Johnson Medical School. A leading research university, Rutgers 
is a member of the AAU and the CIC. For more information, please visit our 
websites: https://www.waksman.rutgers.edu, http://lifesci.rutgers.edu, and 
http://sas.rutgers.edu. 


Applicants must have a Ph.D. or equivalent degree. They should submit a CV, a 
detailed statement of research interests and plans, and full contact information 
for three individuals willing to provide confidential letters of reference. 
Applications must be submitted electronically at: https://jobs.rutgers.edu/ 
postings/72742. All other inquiries may be made to Ms. Erin Sorge, esorge@ 
waksman.rutgers.edu. Review of applications will begin on or about 
October 15, 2018 and continue until the position is filled. 


Rutgers, the State University of New Jersey, is an Equal Opportunity/ 
Affirmative Action Employer. For additional information please see the 
Non-Discrimination Statement at: 
http://uhr.rutgers.edu/non-discrimination-statement. 


RUTG ERS _ ENDOWED CHAIR in Molecular Genetics 


Waksman Institute of Microbiology 


The Waksman Institute at Rutgers University invites applications for a 
newly established endowed chair in Plant Molecular Genetics, with a tentative 
starting date of September 1, 2019. The academic appointment of the position 
is expected to be in the Department of Plant Biology, School of Environmental 
and Biological Sciences, Rutgers University. 


We seek somebody that is already well funded in plant molecular genetics, 
using genomics, metabolomics, NGS and other omics technologies as applied 
to understanding basic biological processes and to applications, but could use 
the income from the endowed chair to take on novel innovative ideas that 
are not supported by conventional funding programs. The candidate will be 
expected to teach and develop undergraduate and graduate courses in these 
areas, supervise graduate students, and serve on departmental, college and 
university committees. 


The Waksman Institute is home to over 15 faculty members who use a broad 
range of approaches and experimental systems in numerous well-funded 
research programs. The Institute is part ofa vibrant and interactive life sciences 
community that includes the School of Environmental and Biological Sciences, 
School of Arts and Sciences Division of Life Sciences, the Center for Advanced 
Biotechnology and Medicine, the Cancer Institute of New Jersey, the Human 
Genetics Institute of New Jersey, and the Robert Wood Johnson Medical 
School. A leading research university, Rutgers is a member of the Association 
of American Universities (AAU). 


Applicants must have a PhD or equivalent degree and be eligible for the rank of 
full Professor with tenure. They should submit a curriculum vitae, a statement 
of research accomplishments and plans, and full contact information for four 
individuals willing to provide confidential letters of reference at http://jobs. 
rutgers.edu/postings/59059. Direct all other inquiries to Ms. Erin Sorge, 
esorge@waksman.rutgers.edu. Review of applications will begin October 
15, 2018 and continue until the position is filled. 


Rutgers is an Equal Opportunity/Affirmative Action Employer. For 
additional information please see the Non-Discrimination Statement 
at: http://uhrrutgers.edu/non-discrimination-statement. 


UCLA 


Open Rank Faculty Position in Life Sciences 
University of California Los Angeles 


Building on a successful multiyear initiative to hire leading research 
scientists with a strong commitment to promoting the success of 
underrepresented students, the Division of Life Sciences in the UCLA 
College of Letters and Sciences announces an open rank faculty position 
with Academic Senate appointment in one of the departments of Life 
Sciences (www.lifesciences.ucla.edu): Ecology and Evolutionary 
Biology; Integrative Biology and Physiology; Microbiology, 
Immunology, and Molecular Genetics; Molecular, Cell, and 
Developmental Biology; and Psychology. Candidates must have a PhD 
a field relevant to one of the above departments, and have outstanding 
record of scholarly publications, research support, and a history of 
commitment to the mentorship of students from underrepresented and 
underserved populations. The successful candidate will be expected to 
continue their active research program and mentoring activities and 
to participate in campus-wide departmental programs that provide 
research and professional development opportunities for our diverse 
student body (such as, PEERS-Program for Excellence in Education & 
Research in Sciences, MARC-Maximizing Access to Research Careers, 
the Biomedical Research Minor, and others). Service and teaching 
expectations will not exceed those of any other faculty position. Faculty 
appointment will be made at a professorial rank commensurate with 
current academic standing. UCLA offers competitive salaries, research 
set-up funds, and recruitment allowances. 


Application packages should be submitted online through https:// 
recruit.apo.ucla.edu/apply/JPF04028 and include the following 
documents: (1) curriculum vitae; (2) research statement; (3) statement 
of contributions to equity, diversity, and inclusion with particular 
attention to formal and informal mentoring activities and detailed 
plans for continuing such activities in the future; (4) teaching interests; 
and (5) cover letter that includes names of three referees who can be 
contacted for letters. Each of the five items should be submitted as a 
standalone document. Review of applications will begin on October 
15, 2018 and continue until the position is filled. Both inquiries about 
the position and nominations of potential candidates should be sent 
to search committee co-chairs: Professor Yuen Huo (huo@psych.ucla. 
edu) and Professor Jeff Long (jeffalong@ucla.edu). 


Located in an urban setting, UCLA is California’s largest university 
with a diverse student body of 38,000 undergraduate and graduate 
students, approximately 25% that come from underrepresented 
minority groups. UCLA College of Letters and Science is home to 
many innovative programs focused on student success in sciences 
and promotes excellence in STEM teaching through the Center for 
Education Innovation & Learning in the Sciences. Interdisciplinary 
programs in Life Sciences are enhanced by the Medical, Nursing, Dental 
and School of Public Health along with 7 other professional schools 
with renowned faculty offering more than 323 degree programs and 
majors. UCLA is home to a number of NIH, NSF, and HHMI funded 
training programs focused on increasing success for underrepresented 
students in science, medical and allied health fields, and currently serves 
as the coordinating center for NIH BUILD grants. As a campus with a 
continually growing diverse student body, we encourage applications 
from women, minorities, and individuals with a commitment to 
mentoring underrepresented groups in the sciences. 


The University of California is an Equal Opportunity/Affirmative 
Action Employer. All qualified applicants will receive consideration 
for employment without regard to race, color, religion, sex, 
national origin, disability, age, sexual orientation, gender identity, 
or protected veteran status. For the complete University of 
California nondiscrimination and affirmative action policy see: UC 
Nondiscrimination & Affirmative Action Policy. (http://policy.ucop. 
edu/doc/4000376/NondiscrimAffirmAct). 
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WAYNE STATE 


UNIVERSITY 


Assistant/Associate Professor 
Nanotechnology (Pharmaceutics) and 
Chemical Biology (Medicinal Chemistry) 


The Department of Pharmaceutical Sciences in the Eugene Applebaum College of Pharmacy and Health 
Sciences invites applications for two 12-month tenure-track positions at the Assistant or Associate Professor 
level. Applicants are expected to have earned a PhD, MD/PhD, PharmD/PhD or equivalent degree in 
pharmaceutical sciences, medicinal chemistry or a related discipline. Preference will be afforded scientists 
with a record of high impact research in nanotechnology and pharmaceutical chemistry at the chemical 
biology interface, particularly in our strengths of drug discovery, delivery and development, metabolic 
disease, neurosciences and oncology. These Pharmaceutical Sciences faculty positions are part of a 
broader initiative in which the departments of Chemistry and Pharmacology are also expanding existing 
excellence in Chemical Biology. The finalists are expected to have or develop a vigorous externally 
funded research program and provide valued teaching in the PhD and PharmD programs. We offer an 
uncommonly collegial academic culture, competitive start-up and compensation package, generous 
benefits, excellent laboratory facilities and extensive research support. Submit applications via http:// 
jobs.wayne.edu under Department H1822-Pharmaceutical Sciences posting #043817. Further details are 
available by contacting Dr. Aloke Dutta at adutta@wayne.edu or (313) 577-1064. 


Wayne State University is a Carnegie Highest Research Activity (R1) institution and a premier public, 
urban research university in the heart of Detroit where students from all backgrounds enjoy a rich, high 
quality education. The College is located in midtown, one of the dynamic urban communities leading 
the Detroit renaissance. The cosmopolitan environment is rich in cultural offerings, strong schools and 
outstanding affordable housing, all within the beautiful Great Lakes region. Our deep-rooted commitment 
to excellence, collaboration, integrity, diversity and inclusion creates exceptional educational opportunities 
that prepare students for success in a diverse and global society. We encourage applications from women, 
people of color, and other underrepresented groups. 

Wayne State is an Affirmative Action/Equal Opportunity Employer. All qualified applicants will 
receive consideration for employment without regard to race, color, religion, sex, national origin, age, 
disability, veteran status, or any other characteristic protected by law. 

Application review will begin October 21, 2018 with a target faculty start date in August 2019. The 

positions will remain open until filled. 


Faculty Positions in Applied Physical Sciences 
Department of Applied Physical Sciences 
University of North Carolina at Chapel Hill 


The Department of Applied Physical Sciences (APS) invites applications for two 

tenure-track assistant professor faculty positions and a senior endowed Kenan 

Distinguished Professorship. The goal of APS is to bridge fundamental research 

and training in the science and engineering of materials with translational impact 
on society’s most challenging problems. APS partners with all STEM and Health Affairs departments 
toward multidisciplinary, team-based research, education, and entrepreneurship in a top 10 public research 
university. This hiring initiative continues an aggressive strategy to build a pre-eminent Department of 
Applied Physical Sciences, aiming for 20 new hires together with joint appointments from partnering 
departments. These new positions are intended to build upon existing strengths and aim for international 
prominence and leadership in the science and engineering of materials at the intersection of the physical, 
life, and energy sciences. 


All candidates should have clear potential and commitment for research excellence, multidisciplinary 
collaboration, extramural funding from government, industry, or other sources, and translational impact in 
education and entrepreneurship. Excellence and commitment to education and mentorship at the graduate 
and undergraduate levels are essential qualities for these recruitments. The Department and University are 
broadly committed to equity and inclusion. It is part of our institutional mission to teach and engage a diverse 
community of undergraduate and graduate students, and postdoctoral scholars. We especially welcome 
applications from candidates who are committed to advancing these ideals. A PhD in a STEM field (science, 
technology, engineering or math) or related fields that contribute to applied physical sciences is required. 


Applications will only be accepted online (https://unc.peopleadmin.com/postings/147785). Applicants 
should submit a curriculum vitae, a research statement, a statement on teaching and mentorship, and 1-2 
representative publications (optional). Applicants are required to identify the names, titles, email addresses 
and phone numbers of four professional references when applying. Reference providers identified by the 
applicant will be contacted via email with instructions for uploading their letters of support. To assure full 
consideration, applications should be submitted and all letters received by October 15, 2018. Positions are 
open until filled. Questions should be directed to: Chair, Applied Physical Sciences Search Committee, 
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3050; apssearch@unc.edu. 


The University of North Carolina at Chapel Hill is an Equal Opportunity and Affirmative Action 
Employer. All qualified applicants will receive consideration for employment without regard to age, 
color, disability, gender, gender expression, gender identity, genetic information, national origin, race, 
religion, sex, sexual orientation, or status as a protected veteran. 


Associate Scientist/Scientist 
Population Health Group, 
Sanford Research 


The Population Health Group at Sanford 
Research invites applications for full-time 
faculty at the rank of Associate Scientist 
or Scientist within Sanford Research in 
Sioux Falls, SD, with commensurate 

rank of Associate Professor or Professor 

at the Sanford School of Medicine at the 
University of South Dakota. Sanford 
Research is the non-profit research branch 
under Sanford Health. 


The Population Health Group is 
comprised of investigators focused 

on public health, epidemiology, and 
population health with a strong emphasis 
on American Indian and rural population 
health. Ideal candidates will have an 
existing research portfolio in population 
health, health disparities, or a similar 
field of study. Additionally, the candidate 
will become the Principal Investigator 

of a currently funded NIH Center 

for Biomedical Research Excellence 
(CoBRE) grant. The candidate will 
mentor junior faculty, oversee relevant 
scientific cores, and utilize the CoBRE 
and institutional resources to grow and 
sustain the Center, including recruitment 
of several new investigators during the 
tenure of the grant. This candidate would 
also have the opportunity to engage in 
translational health services research 
leveraging Sanford’s integrated data 
warehouse (clinical and claims data) to 
inform healthcare delivery. Significant 
institutional support, including 

modern laboratory space and state-of- 
the-art facilities will be provided. A 
comprehensive benefits package will be 
tailored to the candidate’s qualifications. 


Qualifications 

Applicants should hold a PhD, MD or 
MD/PhD degree and complement the 
existing strengths and interdisciplinary and 
collaborative nature of Sanford Research. 
Physician Scientists are encouraged to 
apply. Ideal candidates will have a strong 
record of independent investigator-initiated 
grant funding and ideally program grant 
funding in population health (or a similar 
field), managing large budgets, mentoring 
early-career investigators to funding 
success, and experience in developing 
collaborations with various communities 
and institutional partners. 


Application 

Sanford Health is an Equal Opportunity/ 
Affirmative Action Employer. Applicants 
should submit a single PDF that includes: 
1) detailed curriculum vitae, 2) description 
of research experience and future 

research plans with details on relevance 

of their research to population health 

(or related topic), and 3) three letters of 
recommendation. If any of the information 
above is missing, the submission will not 
be considered. Submit materials via email 
to: researchrecruitment@sanfordhealth.org 


SANFi2IRD 


HEALTH 


019036-00774 8/18 


LIFE SCIENCES INSTITUTE 


UNIVERSITY OF MICHIGAN 


Faculty Position in 
Cancer Biology/Genetics 


The Life Sciences Institute (LSI) at the University 
of Michigan invites applications for an open rank 
faculty position in Cancer Biology/Genetics. 
Faculty will hold both a Research Professor 
appointment in the LSI as well as an Assistant, 
Associate, or Full Professor appointment in one 
of the University’s schools and colleges. 


The LSI is a scientific enterprise at the University 
of Michigan dedicated to fundamental discovery 
in the biological sciences in a state-of-the-art 
collaborative physical space (www.I|si.umich.edu). 


Successful candidates will have experience 
in cancer biology/genetics, with specific 
research targets related to cancer metabolism, 
cancer genetics/genomics/epigenetics, chemical 
biology, tumor microenvironment, or tumor 
immunology. 


Application materials are due on Friday, 
September 28, 2018. Interested applicants will 
submit a cover letter, curriculum vitae, a summary 
of future research plans (up to 4 pages), contact 
information for three references, and copies of up 
to three publications on our online application site 
(Isi.science/2018facultyposting). Individuals 
from groups historically under-represented in 
the sciences are strongly encouraged to apply. 


The University of Michigan is an Equal 
Opportunity/Affirmative Action Employer. 


Williams 


Tenure -Track Faculty Position 
Biology Department 


The Biology Department at Williams College, a premier liberal arts college with a long-standing tradition of 
excellence in the sciences, invites applications for a tenure-track position at the rank of Assistant Professor, to 
begin July 2019. We are especially interested in candidates who can contribute to the intellectual vibrancy and 
diversity of the academic community through their research, teaching, and service, and who are committed 
to working effectively with a diverse student population. 


We seek a broadly trained ecologist whose research incorporates state-of-the-art methods and a strong field 
component to address questions of broad biological significance. The candidate should complement our 
existing faculty expertise by focusing on community or ecosystem or landscape level ecology. The successful 
candidate will teach in our introductory courses as well as upper-level courses in ecology, including courses on 
sustainability of natural or human dominated systems. Normally, faculty members teach one course and two 
associated laboratory sections (or the equivalent) each semester. This individual will advise undergraduates in 
research and have the opportunity to participate in interdisciplinary programs such as Environmental Studies. 


A dynamic research program that is attractive to extramural funding agencies and involves talented 
undergraduates is expected. Start-up funds and internal funding for research are available. A Ph.D., 
postdoctoral experience, and a strong research record are required. We anticipate the appointment at the 
beginning assistant professor level, although a more senior appointment may be possible under special 
circumstances. 


All applications should be submitted through Interfolio at https://apply.interfolio.com/51768. Email and 
paper applications will not be accepted. Through Interfolio submit: a letter of application addressed to 
Professor Steven Swoap (Chair, Biology Department), a curriculum vitae, concise statements of teaching and 
research plans, and three current letters of recommendation. Your cover letter should speak to your ability 
to work effectively with a student population that is broadly diverse with regard to gender, race, ethnicity, 
nationality, sexual orientation and religion. All offers of employment are contingent upon completion of a 
background check http://faculty.williams.edu/prospective-faculty/background-check-policy/. Application 
deadline is October 12, 2018. For more information on the Department of Biology, visit https://biology. 
williams.edu/ 


Williams College is a coeducational liberal arts institution located in the Berkshire Hills of western 
Massachusetts. The college maintains the 2500-acre Hopkins Memorial Forest for teaching and research. 
The College has built its reputation on outstanding teaching and scholarship and on the academic excellence 
of its approximately 2,000 students. Please visit the Williams College website (http://www. williams.edu). 
Beyond meeting fully its legal obligations for non-discrimination, Williams College is committed to building 
a diverse and inclusive community where members from all backgrounds can live, learn, and thrive. 


Gh CoLuMBIA UNIVERSITY 
MEDICAL CENTER 
Assistant Professor 
Research Scholar 


The Vagelos College of Physicians and 
Surgeons is seeking one or more outstanding 
scientists in the Biomedical Sciences for 
appointment as a Research Scholar. These 
assistant professor positions are limited to 
MD, PhD, or MD-PhD researchers who have, 
in general, 4 years or less of post-doctoral 
fellowship and who have demonstrated 
exceptional ability, creativity and productivity 
as reflected in first or senior authored 
publications in leading scientific journals. 
Applicants who do not meet these criteria 
should not apply. 


There is no limitation regarding the field of 
research. Appropriate departmental affiliation 
will be decided after selection. Adequate 
start-up funds, space, and mentorship will be 
provided. Priority will be given to applicants 
outside Columbia University. 


Applicants should provide 3 names of 
references and a proposed plan for their 
work over the next five years with the 
application. To apply please visit: https:// 
academicjobs.columbia.edu/applicants/ 
Central? quickFind=66057 or search by 
requisition number 0008603 


Columbia University is an Equal 
Opportunity/Affirmative Action Employer 
Race/Gender/ Disability/Veteran 


Williams 


Metabolic Biochemist 
Tenure -Track Faculty Position 
Biology Department 


The Biology Department at Williams College, a premier liberal arts college with a long-standing tradition of 
excellence in the sciences, invites applications for a tenure-track position at the rank of Assistant Professor, to 
begin July 2019. We are especially interested in candidates who can contribute to the intellectual vibrancy and 
diversity of the academic community through their research, teaching, and service, and who are committed 
to working effectively with a diverse student population. 


We seek a Metabolic Biochemist whose research addresses questions of broad biological significance and 
incorporates state-of-the-art methods. The successful candidate will teach a course in metabolic biochemistry, 
along with introductory cell biology and upper level courses in the candidate’s field of expertise. Normally, 
faculty members teach one course and two associated laboratory sections (or the equivalent) each semester. 
This individual will advise undergraduates in research and participate in interdisciplinary programs in 
Biochemistry & Molecular Biology, and/or Bioinformatics, Genomics & Proteomics. 


A dynamic research program that is attractive to extramural funding agencies and involves talented 
undergraduates is expected. Start-up funds and internal funding for research are available. A Ph.D., 
postdoctoral experience, and a strong research record are required. We anticipate the appointment at the 
beginning assistant professor level, although a more senior appointment may be possible under special 
circumstances. 


All applications should be submitted through Interfolio at https://apply.interfolio.com/51770. Email, fax, and 
paper applications will not be accepted. The application should include a cover letter addressed to Professor 
Steven Swoap (Chair, Biology Department), a curriculum vitae, concise statements of teaching and research 
plans, and three current letters of recommendation. Your cover letter should speak to your ability to work 
effectively with a student population that is broadly diverse with regard to gender, race, ethnicity, nationality, 
sexual orientation and religion. All offers of employment are contingent upon completion of a background 
check. Further information is available here: http://faculty.williams.edu/prospective-faculty/background- 
check-policy/. Application deadline is October 12, 2018. For more information on the Department of 
Biology, visit https://biology.williams.edu/ 


Williams College is a coeducational liberal arts institution located in the Berkshire Hills of western 
Massachusetts. The College has built its reputation on outstanding teaching and scholarship and on the 
academic excellence of its approximately 2,000 students. Please visit the Williams College website (http:// 
www.williams.edu). Beyond meeting fully its legal obligations for non-discrimination, Williams College 
is committed to building a diverse and inclusive community where members from all backgrounds can 
live, learn, and thrive. 
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Tenured Faculty Positions in 
Chemistry and Biochemistry 


The Department of Chemistry & Biochemistry at Texas Tech 

University invites applications for two senior tenured faculty 
TEXAS TECH UNIVERSITY ’ positions at the Associate or Full Professor level. One position 

will be in the area of Biochemistry, broadly defined. The field 
for the second position is open; however, it is expected that the research interests will fit into one or 
more areas of excellence identified by the department, including (again, broadly defined) life sciences, 
computational chemistry, high-resolution chemical imaging, energy storage and conversion materials, and 
sustainable (green) catalysis. Applicants must be tenured at their current institution or have comparable 
experience, and must have a nationally recognized and externally-funded research program. Service duties 
include program-building, as well as commitment to extra-curricular activities. A demonstrated and ongoing 
commitment to serving diverse student populations and experience working with diverse student populations 
and first-generation students is highly desirable. Service to the department, college, and university is 
expected. Successful candidates for these positions will be part of a major expansion of the Department 
of Chemistry & Biochemistry, which is among the top academic units at Texas Tech in terms of research 
funding, publications and graduate education. Texas Tech University has a Carnegie R1: Highest Research 
Activity classification. It has an enrollment of more than 37,000 students, and is one of the major, state- 
supported, multidisciplinary universities in the Southwest. Texas Tech University recently surpassed the 
Hispanic student population threshold necessary for designation as a Hispanic Serving Institution (HSI). 


All applications must be submitted online. Online application can be submitted at http://www. 
texastech.edu/careers/. Candidates for the Biochemistry position should apply to requisition 
number 15017BR or use the direct link https://jobs.brassring.com/TGWebHost/jobdetails. 
aspx? partnerid=25898&siteid=5637 & areq=15017BR. Candidates for the Open position should apply to 
requisition number 15086BR or use the direct link https://jobs.brassring.com/TG WebHost/jobdetails. 
aspx? partnerid=25898 &siteid=5637&areq=15086BR. Candidates may apply for both positions, if 
they are otherwise qualified. Applications must include a curriculum vitae, a statement of current and 
proposed research, and a teaching philosophy. Applicants must also arrange to have three confidential 
letters of recommendation sent on their behalf to Faculty Search Committee, Department of Chemistry 
& Biochemistry, Texas Tech University, Box 41061, Lubbock, TX 79409-1061 (chemchair@ttu.edu). 
Evaluation of applications will begin on October 31, 2018, and continue until the position is filled. 


As an Equal Employment Opportunity/Affirmative Action employer, Texas Tech University is dedicated 
to the goal of building a culturally diverse faculty committed to teaching and working in a multicultural 
environment. We actively encourage applications from all those who can contribute, through their 
research, teaching, and/or service, to the diversity and excellence of the academic community at Texas 
Tech University. The university welcomes applications from minorities, women, veterans, persons with 
disabilities, and dual-career couples. 


UNIVERSITY OF 


¥ MARYLAND 


TENURE-TRACK ASSISTANT PROFESSOR POSITION: ECOLOGY 


The Department of Biology at the University of Maryland, College Park invites applications for an 
Assistant Professor of Ecology. We seek outstanding, innovative candidates with research interests 
that complement and integrate those of our existing faculty. We are especially interested in those 
with experimental, observational, analytical, and/or theoretical approaches that address major 
questions in Ecology. Possible areas of synergy include, but are not limited to: global change, 
biocomplexity, and/or effects of the environment and interspecific interactions on ecological processes. 


Applicants must have a doctorate degree and should describe their ability to develop an outstanding research 
program that would lead to a robust and diverse portfolio of extramural funding. Postdoctoral experience is 
preferred. Applicants must provide evidence of their commitment to excellence in teaching and mentoring, 
including working with students and groups from underrepresented backgrounds. The University of Maryland 
and the Department of Biology are committed to increasing the diversity of the campus community. 
Candidates who have experience working with a diverse range of faculty, staff, and students, and who 
can contribute to our climate of inclusivity, are encouraged to identify their experience in these areas. 


Application deadlines: Review of applications will begin 1 October 2018. 


Application materials: All applicants are required to use our official UMD jobs portal to apply: https://ejobs. 
umd.edu/postings/62247. You will upload PDF files containing a cover letter, curriculum vitae, separate 
statements of research and teaching interests, and will provide names and contact information for 3 references. 


The University of Maryland, College Park is the flagship campus of the University of System of Maryland and 
is one of the most rapidly advancing public research universities in the country. The University sponsors the 
NSF-funded National Socio-Environmental Synthesis Center (SESYNC) in Annapolis. Our close proximity to 
Washington D.C., the Chesapeake Bay, and the Appalachian Mountains facilitates interactions with researchers 
at an extraordinary range of institutions and field stations (e.g., Smithsonian Institution, NIH, USDA, USGS 
Patuxent Research Center, USFWS, Smithsonian Environmental Research Center, Chesapeake Bay Foundation, 
University of Maryland Center for Environmental Studies). In addition, several major non-governmental 
organizations have their world headquarters in Washington, DC (e.g., Conservation International, The Nature 
Conservancy, World Wildlife Fund). 


The University of Maryland, College Park, an Equal Opportunity/Affirmative Action Employer, complies with 
all applicable federal and state laws and regulations regarding nondiscrimination and affirmative action; 
all qualified applicants will receive consideration for employment. The University is committed to a policy of 
equal opportunity for all persons and does not discriminate on the basis of race, color, religion, sex, national 
origin, physical or mental disability, protected veteran status, age, gender identity or expression, sexual 
orientation, creed, marital status, political affiliation, personal appearance, or on the basis of rights secured 
by the First Amendment, in all aspects of employment, educational programs and activities, and admissions. 


Assistant Scientist 
Cancer Biology Group, 
Sanford Research 


The Cancer Biology Group at Sanford 
Research invites applications for full- 
time faculty at the rank of Assistant 
Scientist within Sanford Research in 
Sioux Falls, SD, with commensurate 
rank of Assistant Professor at the 
Sanford School of Medicine at the 
University of South Dakota. Sanford 
Research is the non-profit research 
branch under Sanford Health. 


We seek outstanding scientists with 
research programs that span all areas 
of cancer research, especially those 
relevant to cancer immunology or 
immunotherapy. The successful 
candidate will have an opportunity 
to become a project leader on the 
NIH-funded Cancer Biology CoBRE. 
Significant institutional support, 
including modern laboratory space 
and state-of-the-art facilities will be 
provided. A comprehensive benefits 
package will be tailored to the 
candidate’s qualifications. 


Qualifications 

Applicants should hold a PhD, MD or 
MD/PhD degree and complement the 
existing strengths and interdisciplinary 
and collaborative nature of Sanford 
Research. Physician Scientists are 
encouraged to apply. Candidates will 
be expected to develop independent 
research programs and secure 
extramural funding. 


Application 

Sanford Health is an Equal 
Opportunity/Affirmative Action 
Employer. Applicants should submit 

a single PDF that includes: 1) detailed 
curriculum vitae, 2) description of 
research experience and future research 
plans with details on relevance of 

their research to cancer biology and/ 

or cancer immunology, and 3) three 
letters of recommendation. If any of 
the information above is missing, the 
submission will not be considered. 
Submit materials via email to: 
researchrecruitment@sanfordhealth.org 


SANFiIZRD 


HEALTH 


019036-00762. 8/18 


Assistant Professor, Tenure Track- Otorhinolaryngology- Head and Neck Surgery 


Perelman 
School of Medicine 


UNIVERSITY of PENNSYLVANIA 


The Department of Otorhinolaryngology: Head and 
Neck Surgery at the Perelman School of Medicine at 
the University of Pennsylvania seeks candidates for 
an Assistant Professor position in the tenure track. The 
successful applicant will have experience in the field of 
genetics and biology of head and neck cancers with a focus 
on cancer etiology and/or cancer genomics, inflammation, 
and the development of novel therapeutic approaches 
towards treatment of head and neck cancers. Particular 
areas of interest include genetics, tumor immunology or 
virology, bioinformatics, and/or translational therapeutics. 


Responsibilities include building an independent research 
program in basic and/or translational studies in head 
and neck cancer, training of graduate students and post- 
doctoral investigators, as well as to develop interactions with 
investigators within the greater cancer research environment 
at the Abramson Cancer Center and the Perelman School 
of Medicine at the University of Pennsylvania. In particular, 
the candidate should demonstrate the vision and potential 
or ability to interact with clinicians to foster translational 


research programs. Candidates with a keen interest in building 
interdisciplinary programs through interactions across the 
basic and clinical departments within the Perelman School 
of Medicine, as well as other Health related schools at the 
University of Pennsylvania, are encouraged to apply. Key 
selection criteria will be research excellence and originality 
of science. Applicants must have an M.D. or Ph.D. or M.D./ 
Ph.D. degree and have demonstrated excellent qualifications in 
research. 


The Departments of Otorhinolaryngology-Head and Neck 
Surgery and Cancer Biology are among the leading departments 
in the nation, and is home to basic and translational scientists 
who conduct world-class research in broad areas of cancer, 
virology, and microbiome. The Perelman School of Medicine at 
the University of Pennsylvania provides an intellectually vibrant 
and collaborative interdisciplinary environment, with a wealth 
of cutting edge research resources. The successful applicant 
will have a secondary appointment in the Department of 
Cancer Biology. 


The ideal candidate should have completed advanced 
postdoctoral training or be an early career investigator with an 
exceptional record of research achievement demonstrating a 
trajectory for success in academic medicine. 


We seek candidates who embrace and reflect diversity in the 
broadest sense. The University of Pennsylvania is an EOE. Minorities 
/ Women/ Individuals with disabilities/ Protected Veterans are 
encouraged to apply. 


Apply for this position online at: 
https://www.med.upenn.edu/apps/faculty_ad/index.php/g/d5040 


Wa University of BAG PROGRAM IN 
Massachusetts e*. SYSTEMS BIOLOGY 
UMASS Medical Schoo! ="¢ 

Faculty Position 


The Program in Systems Biology invites applications from outstanding 
candidates for a tenure-track or senior tenured professor position. Rank 
will be commensurate with ability and experience. The position will be 
highly competitive with regard to start-up funds, laboratory space and salary. 


The candidate will be expected to develop and maintain an innovative, 
externally funded research program. We are seeking an energetic and 
collaborative individual who will develop a strong research program to 
tackle important problems in one of the following areas in systems biology: 
Network Biology, Single Cell Systems Biology, Genome Biology, Evolution, 
Variation, Immunology and Neurobiology. Exceptionally strong candidates 
in other areas will also be considered. 


The Program in Systems Biology is housed in the new Albert Sherman Center 
that opened early in 2013. The Program has high-performance computing 
facilities, state-of-the-art laboratory space and equipment and a full-time 
administrator to support the research activities of its Faculty. 


Applicants should submit a cover letter explaining their interest in the 
Program, a curriculum vitae that includes honors, publications, and a succinct 
research plan to http://www.academicjobsonline.org (Position ID# 11577). 
The position is open until filled. To expedite the review process, applicants 
should invite three individuals who are familiar with their work and potential 
for success to upload their recommendation letters at the same web address. 
Inquiries, but not application materials, may be directed to Professors A.J. 
Marian Walhout (marian.walhout@umassmed.edu) or Job Dekker (job. 
dekker@umassmed.edu). 


UMass Medical School is committed to being an Equal Opportunity 
and Affirmative Action Employer and recognizes the power of a diverse 
community. We encourage applications from protected veterans, 
individuals with disabilities and those with varied experiences, 
perspectives and backgrounds to consider UMass Medical School 
as their employer of choice. 


UTSouthwestern 


Medical Center 
TENURE-TRACK POSITIONS 


The Department of Physiology invites outstanding scientists with Ph.D., 
M.D., or equivalent degrees to apply for tenure-track faculty positions 
at the level of Assistant Professor. Candidates who bring innovative 
approaches to the study of any under-explored/unexplored questions 
broadly related to physiology are encouraged to apply. The scientific 
excellence of the candidates is more important than the specific area 
of research. These positions are part of the continuing growth of the 
Department at one of the country’s leading academic medical centers. 
They will be supported by significant laboratory space, competitive 
salaries, state-of-the-art core facilities and exceptional start-up packages. 
The University of Texas Southwestern Medical Center is the scientific 
home to six Nobel Prize laureates and many members of the National 
Academy of Sciences and Institute of Medicine. UT Southwestern 
conducts more than 3,500 research projects annually totaling more than 
$417 million. Additional information about the Department of Physiology 
can be found at http://www.utsouthwestern.edu/education/medical-school/ 
departments/physiology/index.html. 


Applicants should submit a CV, a brief statement of current and proposed 
research, and a summary of your two most significant publications 
describing the importance of the work (100-150 words each). Please 
arrange to have three letters of recommendation sent on his/her behalf. 
All items should be submitted to: http://academicjobsonline.org/ajo/ 
jobs/11597. Completed applications will be reviewed starting November 
1, 2018. You may email questions to ron.doris@utsouthwestern.edu. 


UT Southwestern Medical Center is an Equal Opportunity/Affirmative 
Action Employer. Women, minorities, veterans and individuals with 
disabilities are encouraged to apply. 
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@, Faculty Positions, Vollum Institute 
| Oregon Health & Science University 
Portland, Oregon 


The Vollum Institute (www.ohsu.edu/vollum) is undergoing an exciting 
phase of growth and announces multiple faculty openings for biomedi- 
cal scientists. We are particularly interested in applicants whose research 
focuses on neuroscience-relevant topics such as molecular and cellular 
neuroscience, molecular genetics, circuits and systems in model organ- 
isms, structural biology, and glial biology to expand on our current 
research strengths. 


Vollum appointments are full-time research positions within the Vollum 
Institute with minimal teaching or clinical requirements. Ample opportuni- 
ties are available for collaboration with basic science and clinical depart- 
ments within the School of Medicine, and additional research units at OHSU 
(www.ohsu.edu) such as the Oregon Hearing Research Center (auditory 
neuroscience) and the Jungers Center (disease-related neuroscience). 


Applications will be accepted at junior and mid-career levels. We particu- 
larly encourage women scientists and those from diverse backgrounds 
to apply. Applicants should have a strong record of research success and 
an interest in training graduate students. We offer highly attractive 
start-up packages and the opportunity to work in an outstanding scien- 
tific environment that includes strong mentoring for junior scientists. 


Candidates with a Ph.D. and/or M.D. and at least several years of postdoc- 
toral experience should apply by submitting their curriculum vitae, a 
description of research plans and goals, and three letters of reference to 
https://academicjobsonline.org/ajo/jobs/11555. Applications must be 
received by November 1, 2018. 


For questions contact Gary Westbrook, Search Chair, at 
volljob@ohsu.edu 


OHSU is an equal opportunity/affirmative action 
employer committed to maintaining diversity in 
its faculty and addressing faculty family issues 
including dual career couples and single parents. 


UNIVERSITY OF 


uf. SOUTH CAROLINA 


The Department of Chemistry and Biochemistry at the University of 
South Carolina invites applications for a tenure-track Assistant Professor 
position in the area of Computational Polymer Chemistry, with a start 
date of August 16, 2019. Candidates should have a Ph.D. and postdoctoral 
experience in organic, polymer or computational chemistry, materials 
science, or polymer science and engineering or related discipline. The 
Department has vigorous research and comprehensive infrastructures in 
macro/supramolecular sciences. The successful candidate is expected to 
develop a highly recognized, externally funded research program focused 
on understanding and predicting the dynamic behavior of macromolecules 
in complex environments (interfaces, surfaces, etc.) of multiphase or 
heterogeneous systems, such as block copolymers, supramolecular 
polymers, biomacromolecules, polymer/particle mixtures and adaptive or 
responsive polymers. Candidates are expected to have expertise in macro/ 
supramolecular modeling and method development for large-scale dynamic 
simulations and advanced data analysis. Candidates are also expected 
to strive for excellence in teaching of undergraduate general or organic 
chemistry, as well as more specialized and graduate courses. All applicants 
must fill out an application through the online employment system “USC 
Jobs” at https://uscjobs.sc.edu/postings/40411. Candidates should be 
prepared to upload a CV, a cover letter, research plans, and teaching 
interests. Three letters of recommendation are required to be submitted 
via the uscjobs system. 


For full consideration, complete applications must be received no later 
than November 1, 2018. 


The University of South Carolina is an Affirmative Action, Equal 
Opportunity Employer. Minorities and women are encouraged to apply. 
The University of South Carolina does not discriminate in educational 
or employment opportunities on the basis of race, color, religion, 
national origin, sex, sexual orientation, gender, age, disability, veteran 
status or genetics. 
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Engineering 
MULTIPLE FACULTY POSITIONS 
Department of Electrical and Systems Engineering 


The School of Engineering and Applied Science at the University of Pennsylvania 
is growing its faculty by 33% over the next five years. As part of this initiative, the 
Department of Electrical and Systems Engineering is engaged in an aggressive, 
multi-year hiring effort for multiple tenure-track positions at all levels. Candidates 
must hold a Ph.D. in Electrical Engineering, Computer Engineering, Systems 
Engineering, or related area. The department seeks individuals with exceptional 
promise for, or proven record of, research achievement, who will take a position of 
international leadership in defining their field of study and excel in undergraduate 
and graduate education. Leadership in cross-disciplinary and multi-disciplinary 
collaborations is of particular interest. We are interested in candidates in all areas 
that enhance our research strengths in 
1. Nanodevices and nanosystems (nanoelectronics, MEMS/NEMS, power 
electronics, nanophotonics, nanomagnetics, quantum devices, integrated 
devices and systems atnanoscale), 

. Circuits and computer engineering (analog, RF, mm-wave, digital circuits, 
emerging circuit design, computer engineering, loT, embedded and cyber- 
physical systems), and 

. Information and decision systems (control, optimization, robotics, data 
science, network science, communications, information theory, signal 
processing). 

Prospective candidates in all areas are strongly encouraged to address large-scale 
societal problems in energy, transportation, health, food and water, economic and 
financial networks, social networks, critical infrastructure, and national security. 
We are especially interested in candidates whose interests are aligned with the 
school’s strategic plan, https://www.seas.upenn.edu/about/penn-engineering- 
2020/ 


Diversity candidates are strongly encouraged to apply. Interested persons should 
submit an online application at https://www.ese.upenn.edu/faculty-staff/ and 
include curriculum vitae, statement of research and teaching interests, and at 
least three references. Review of applications will begin on December 1, 2018. 
The University of Pennsylvania is an Equal Opportunity Employer. Minorities/ 
Women/Individuals with Disabilities/Veterans are encouraged to apply. 


Program in Bioinformatics and 


Wa University of Integrative Biology 

“J Massachusetts The Program in Bioinformatics and Integrative 
UMASS. Medical School Biology invites applications for tenure-track or 
senior tenured professor positions. We are seeking innovative, energetic and 
collaborative individuals who plan to develop strong computational research 
programs to tackle problems in one of the following areas: regulatory genomics, 
comparative genomics, systems biology, RNA biology, evolutionary biology, 
statistical genetics, or proteomics. Candidates in all computational biology areas, 
especially statisticians and computer scientists focused on biological questions, 
are strongly encouraged to apply. Wet bench research space can be arranged 
for individuals who are interested in performing experiments to augment their 
computational efforts. Salary and start-up package will be highly competitive 
and commensurate with the high level of accomplishment expected of successful 
applicants. 


The Program in Bioinformatics and Integrative Biology is housed in the new state- 
of-the-art Albert Sherman building, where it is part of a vibrant and collaborative 
research community that includes the Program in Systems Biology and the 
RNA Therapeutics Institute. Other closely collaborating departments, including 
the Department of Molecular, Cell and Cancer Biology, Program in Molecular 
Medicine, and Department of Biochemistry and Molecular Pharmacology, are 
located in neighboring buildings. The Program is supported by high-performance 
computing facilities. 

Applicants should submit a cover letter explaining their interest in the Program, 
a curriculum vitae that includes publications, honors, and a succinct research 
plan to http://www.academicjobsonline.org/ajo/jobs/11580. To expedite the 
review process, applicants should invite three individuals who are familiar with 
your work, and potential for success, to upload their recommendation letters at 
the same web address. Review of applications will begin on October 1, 2018 
and continue until positions are filled. Inquiries, but not application materials, 
may be directed to Professor Zhiping Weng at zhiping.weng@umassmed.edu. 
UMASS Medical School is located within a 10-minute drive from Worcester 
Polytechnic Institute (WPI). The two universities have numerous joint research 
and educational efforts in Bioinformatics and Systems Biology. 


UMass Medical School is committed to being an Equal Opportunity and 
Affirmative Action Employer and recognizes the power of a diverse community. We 
encourage applications from protected veterans, individuals with disabilities, and 
those with varied experiences, perspectives, and backgrounds to consider UMass 
Medical School as their employer of choice. 


W.M. Keck Science Department 


Claremont McKenna College « Pitzer College + Scripps College 


TENURE TRACK 
ASSISTANT PROFESSOR of PHYSICS — EXPERIMENTALIST 


online @sciencecareers.org 


The W.M. Keck Science Department of Claremont McKenna College, Pitzer College, and Scripps College (three members of the 7-member Claremont 
Colleges Consortium) seeks to hire a table-top experimentalist at the Assistant Professor level starting July 1, 2019. Applicants from all areas of experimental 
physics, including interdisciplinary areas such as materials science, optics, biological physics, condensed matter, fluids, engineering, etc., are welcomed. 
Our integrative science department comprises scientists in biology, chemistry, environmental science, neuroscience, and physics (the physics discipline 
also oversees an active 3-2 pre-engineering program.) We are a vibrant community of teacher-scholars who value an interdisciplinary approach to teaching 
and research. We seek candidates who share our enthusiasm for both scientific research and undergraduate teaching, and who desire a liberal-arts college 
career that balances the two. In serving students of three distinct colleges, our faculty enjoy a richly diverse learning community. Candidates must 
have a Ph.D. in a relevant field (e.g., physics or engineering), postdoctoral or equivalent professional research experience, and the ability to teach a full 
spectrum of courses in physics. The desire and capacity to actively engage undergraduates in in-house laboratory research and to supervise senior-thesis 
research projects is essential. Located in the charming town of Claremont, The Claremont Colleges are situated in the Los Angeles basin, 35 miles east 
of downtown LA, and are within a one-hour drive of Caltech, UCLA, USC, UC Irvine, and UC Riverside. 


Science Careers 


Please apply online at: https://webapps.cmc.edu/jobs/faculty/faculty_opening_detail.php?PostingID=16044. Upload (i) a cover letter describing your 
background, experience, and, importantly, your interest in working in a liberal arts college environment, (ii) a c.v., (iii) a succinct statement outlining 
your research experience and plans, including how your research might engage undergraduates, (iv) a succinct statement outlining your teaching 
experience and interests, (v) a statement outlining your philosophy for fostering an inclusive educational environment for students of all socioeconomic 
backgrounds, and (vi) the names and e-mail addresses of four references, at least two of whom can address research and at least one of whom can address 
teaching. All named references will be automatically contacted and sent instructions for uploading their reference letters. However, it is incumbent upon 
candidates to follow up with their reference-letter writers to ensure letters have been sent. Review of applications will begin October 1, 2018, and the 
position will remain open until filled. Further inquiries may be directed to Professor Adam Landsberg at alandsberg@kecksci.claremont.edu (please put 
“Experimentalist” in the subject line). 


The W.M. Keck Science Department of Claremont McKenna, Pitzer, and Scripps Colleges is an Equal Opportunity Employer. In a continuing effort to 
enrich its academic environment and provide equal educational and employment opportunities, the department actively encourage applications from 
women and from members of historically under-represented social groups in higher education. 


Faculty Positions in Department of Molecular Biology 


USC Stem Cell 
Keck School of Medicine of USC 
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The Department of Molecular Biology and the 
Hamon Center for Regenerative Science and 
Medicine (CRSM) at the University of Texas 


Southwestern Medical Center invite applications @ 

for tenure track faculty positions at the level of . 
Assistant Professor. We are seeking creative and 
interactive individuals with strong research programs 
focused on mechanistic aspects of gene regulation 

and cellular signaling, cell growth and differentiation, 
and stem cell biology, including the use of cellular and 
animal models to study development and disease. 
Attractive recruitment packages, state-of-the-art core 
facilities, and exceptional laboratory space are available. 
UT Southwestern has a vibrant graduate program and an 
atmosphere of collegiality and collaboration. 


Appointment rank will be commensurate with academic 
accomplishments and experience. 


Candidates should apply online at https:/jobs.utsouthwestern.edu/ 
(search for Job# 334883 or Job# 334889). Applicants should also 
submit a curriculum vitae containing a summary of past research 
accomplishments, a statement of future objectives, and names of 
three references via email to: 


MolBioSearch@UTSouthwestern.edu 

Department of Molecular Biology 

Hamon Center for Regenerative Science and Medicine 
University of Texas Southwestern Medical Center 


UT Southwestern Medical Center is an Affirmative Action/Equal 
Opportunity Employer. Women, minorities, veterans and individuals 
with disabilities are encouraged to apply. 
UTSouthwestern 
Medical Center 


Department of Stem Cell Biology and Regenerative Medicine 
Assistant Professorship in Stem Cell Biology 
and Regenerative Medicine 


The Department of Stem Cell Biology and Regenerative Medicine (stemcell. 
keck.usc.edu) is recruiting candidates exploring stem cells, development and 
regenerative processes through tissue engineering, modeling, and genetic, 
genomic and biochemical approaches. We are particularly interested in 
candidates with strong, complementary computational expertise. The 
department is housed in the Eli and Edythe Broad Center for Regenerative 
Medicine and Stem Cell Research within the Keck School of Medicine 
of USC. 


Excellent resources and strong collaborative opportunities exist across USC 
campuses. In addition to our translational research mission, department 
members play a critical role in the university’s educational mission. 
Successful applicants will receive a generous start-up package. 


Online applications will be accepted; please apply to: 
facultypositions.usc.edu/FAS/application 
position? postinglId=REQ20062328 


Applications should include a letter of interest, curriculum vitae, brief 
2-3 page outline of research past, present and future, and four letters of 
reference. The applicant is responsible for ensuring that the completed 
application is received before October 12, 2018. 


USC strongly values diversity and is committed to equal opportunity in 
employment. Women and men, members of all racial and ethnic groups, 
people with disabilities, and veterans are encouraged to apply. 


online @sciencecareers.org 
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BOSTON 


UNIVERSITY 


The Department of Chemistry at Boston University invites 
applications from outstanding candidates for an Assistant 
Professor tenure track position in the field of Synthetic Inorganic or 
Organometallic Chemistry, beginning July 1, 2019, subject to budget 
approval. Candidates with research focus broadly defined in the areas 
of metal complex synthesis, with applications in organometallic or 
coordination chemistry catalysis, small molecule conversion, solar 
fuels, recycling, or energy/sustainability are particularly encouraged 
to apply. 


The successful applicant will benefit from the department’s supportive 
and collegial environment, which includes close affiliations with 
Boston University’s Materials Science & Engineering Division, the 
Photonics Center, the Biogeoscience Program, and the Institute for 
Sustainable Energy. Undergraduate teaching responsibilities will be 
in the areas of inorganic and general chemistry, with the opportunity 
to develop graduate courses in the candidate’s area(s) of expertise. 
Boston University expects excellence in teaching and in research 
and is committed to building a culturally, racially, and ethnically 
diverse scholarly community. Applicants should apply by submitting 
a letter of interest, including teaching and research objectives, and a 
statement of their experiences in mentoring, diversity and inclusion, 
a current CV, and arrange to have three letters of reference submitted 
via AcademicJobsOnline.org, job reference #11560. Review of 
applications will begin on October 8, 2018. 


We are an Equal Opportunity Employer and all qualified applicants 
will receive consideration for employment without regard to race, 
color, religion, sex, sexual orientation, gender identity, national 
origin, disability status, protected veteran status, or any other 
characteristic protected by law. 
We are a VEVRAA Federal Contractor. 


Molecular, Cellular, & M 
Developmental Biology Py 
Faculty Search ee 
UNIVERSITY OF MICHIGAN FACULTY POSITIONS IN 
MOLECULAR, CELLULAR, AND DEVELOPMENTAL BIOLOGY 


The Department of Molecular, Cellular, and Developmental Biology 
(MCDB) in the College of Literature, Science and the Arts at the University 
of Michigan solicits applications for faculty positions at the assistant 
professor level, but appointment at a more senior level is possible for 
applicants with suitable experience. The faculty position will be tenured 
or tenure track with a university year appointment starting September 
1, 2019 or January 1, 2020. Successful candidates will be expected to 
establish a vigorous, extramurally funded research program and to be 
involved in instruction of both undergraduate and graduate students. 


We welcome applications from outstanding biologists in any area of research 
within the scope of the department, which includes studies of model organisms 
(plants, animals, and microbes) with a variety of approaches (genetics 
and genomics, biochemistry and structural biology, molecular biology, 
cell and developmental biology, and physiology). For further information 
about MCDB research areas, please visit www.lsa.umich.edu/mcdb. 


All applications must be submitted on-line at https://apps-prod.mcdb.Isa. 
umich.edu/search18/index.php. You will be asked to upload the following 
materials: A cover letter, a curriculum vitae, a brief summary of recent 
research accomplishments and statement of future research plans, a statement 
of teaching interests and philosophy, and evidence of teaching excellence 
for those who have teaching experience. Candidates for appointment as an 
assistant professor should provide names and contact information for at least 
three references, as instructed in the on-line application form. To ensure full 
consideration, all materials should be received by October 12, 2018. 


Women and underrepresented minorities are encouraged to apply. The 
University of Michigan is supportive of the needs of dual career couples 
and is an Equal Opportunity/Affirmative Action Employer. 


UNIVERSITY of 
ROCHESTER 
MEDICAL CENTER 
Assistant/Associate Professor 


Center for Biomedical Informatics (CBI) and Department of 
Microbiology and Immunology 


The University of Rochester Medical Center (URMC) is expanding its research 
activities in the area of biomedical informatics. We are seeking investigators at 
the Assistant or Associate Professor level with independent and collaborative 
research programs. Six to ten faculty will be recruited into tenure track positions 
over the next three years. 


We are searching for investigators with expertise in the broad areas of 
bioinformatics and systems biology as applied to a research program studying 
infectious disease. Successful candidates will hold appointments in the 
newly founded CBI and the Department of Microbiology and Immunology. 
Investigators with research experience in the following areas are highly 
encouraged to apply: Genome and transcriptome informatics, systems biology, 
population genomics, machine learning, data mining, computational modeling, 
multi-dimensional integration of clinical, genomic, microbiome, metabolome, 
gene expression and epigenetic data. 


URMC offers attractive start-up packages and has a strong commitment to career 
development. The successful candidate is expected to develop a competitive 
research program, attract external funding, and participate in graduate education. 
Major recent institutional investments have created an outstanding research 
data-driven infrastructure, exemplified by the Health Sciences Center for 
Computational Innovation, and the recent $50 million University investment 
to build the Goergen Institute for Data Science. 


Applicants should submit a letter of application, CV, statement of research 
interests/plans, and arrange to have three letters of recommendation sent to: 
anne_reed@urmc.rochester.edu. Inquiries can be directed to Dirk Bohmann 
(dirk_bohmann@urmc.rochester.edu) or David Topham (david_topham@ 
urme.rochester.edu). 


The University of Rochester is an Equal Opportunity Employer and has a 
strong commitment to diversity; it actively encourages applications from 
groups underrepresented in higher education. 


PAU R | WILMOT 


MEDICINE CANCER INSTITUTE 
Cancer Biology Faculty Positions 


The Wilmot Cancer Institute at the University of Rochester Medical Center 
is currently recruiting tenure-track faculty as part of a major expansion of its 
translational and basic science research base. The successful candidate(s) will 
join a growing multidisciplinary cancer research community with ongoing 
emphases in cancer cell metabolism, cancer stem cell biology, RNA biology, 
cancer (epi)d systems biology, microenvironment influences on tumor behavior/ 
immunology, and therapeutic resistance. 


The Wilmot Cancer Institute is the hub of cancer research at the University 
of Rochester, attracting more than $20M in cancer-directed funding annually. 
Formal research programs exist in Cancer Biology, Tumor Microenvironment 
and Immunology, and Cancer Control and Survivorship. The Wilmot Cancer 
Institute and UR Medicine are the major providers of comprehensive, 
multidisciplinary cancer care in central New York State and the Finger Lakes 
region, with >6000 new patients every year and an extensive clinical trials 
program providing opportunity for innovative translational research. 


Candidates holding a PhD and/or MD degree with a demonstrated track-record 
of research accomplishment in an area relevant to cancer biology/cancer 
genomics are invited to apply. Applicants making use of genomic/epigenomic 
approaches, tumor model systems and/or human specimens to address problems 
of translational relevance are strongly encouraged. New faculty will benefit 
from vibrant graduate/professional training programs and state of the art 
infrastructure and core facilities, as well as a strong Institutional commitment 
to career development. Appointments will be made at the Assistant Professor 
level although outstanding candidates at other levels will be considered, 
with commensurate expectations of research and funding accomplishment. 
Departmental affiliation will be determined according to best fit. 


Interested applicants should submit a CV, statement of research interests/plans, 
pdfs of two key publications, and three letters of recommendation to the Search 
committee chair Paula Vertino, PhD c/o Elva Mikk at Elva_Mikk@urme. 
rochester.edu. Review of applications will start October 15, 2018. 


The University of Rochester is an Equal Opportunity Employer and has a 
strong commitment to diversity and actively encourages applications from 
candidates from groups underrepresented in higher education. 


Perelman 
School of Medicine 


UNIVERSITY of PENNSYLVANIA 


Faculty Positions in the Department of Physiology 


The Department of Physiology at the Perelman School of Medicine at the 
University of Pennsylvania seeks highly qualified candidates for faculty 
positions in the tenure track at the Assistant, Associate, and full Professor ranks. 
Responsibilities include establishing and conducting an independent research 
program, plus teaching, supervising, and mentoring students. These positions 
require an M.D., Ph.D., or equivalent degree, plus demonstrated excellence 
in research. Candidates with experience in molecular, cellular, or organismal 
physiology will be considered. Investigators with research programs that 
leverage molecular and cellular insights to inform physiological, cell biological 
and pathophysiological functions are strongly encouraged to apply. We also 
seek researchers who develop and use novel and state-of-the-art biophysical, 
cell biological and physiological techniques. Research areas of interest include 
membrane protein structural biology, membrane transport physiology, signal 
transduction, organelle biology, molecular bases of disease, and metabolism. 
Other areas will also be considered, with the novelty, importance and potential 
impact of the research emphasized. 


Assistant Professor: Applicants in the early stage of career development 
are encouraged to apply. Apply online: https://www.med.upenn.edu/apps/ 
faculty_ad/index.php/g311/d5142 


Associate or full Professor: Applicants are expected to have funding and an 
internationally recognized reputation of innovative research excellence and 
productivity. Apply online https://www.med.upenn.edu/apps/faculty_ad/ 
index.php/g311/d5126 


The Perelman School of Medicine, one of the top ranked medical schools in the 
country for NIH funding, is a highly collaborative environment with extensive 
core facilities. It is located on the campus of the University of Pennsylvania, 
a world-class institution with an easily walkable campus located near central 
Philadelphia. 


We seek candidates who embrace and reflect diversity in the broadest sense. 
The University of Pennsylvania is an EOE. Minorities/Women/Individuals 
with disabilities/Protected Veterans are encouraged to apply. 


THE OHIO STATE UNIVERSITY 


COLLEGE OF MEDICINE 


Faculty Positions in Neuroscience 
The Ohio State University (OSU), Wexner Medical Center 


The Department of Neuroscience invites applications for tenure-track faculty 
positions at the rank of Assistant, Associate or Full Professor. 


As part of an ongoing commitment to place OSU at the forefront of patient care, 
research and innovation, The College of Medicine is committing significant 
resources to build cutting-edge and internationally recognized basic and 
translational neuroscience programs. We have a goal that the Department of 
Neuroscience will become a Top 10 nationally-ranked department within 5 years. 


Applicants who study the mechanisms underlying normal nervous system 
function and/or how these mechanisms and interactions are affected by disease 
or injury are encouraged to apply. Candidates with technical expertise in 
functional imaging, optogenetics, bioengineering, electrophysiology or -omics- 
based technologies (genomics, proteomics, metabolomics, connectomics, etc.) 
will be prioritized. 


Newly recruited faculty will have the opportunity to be part of one or more 
established or rapidly growing research teams focused on neurotrauma (spinal 
cord and brain injury), neural regeneration or plasticity, neuroimmunology, 
neurodegeneration/cognitive impairment, pain, addiction, epilepsy and stroke/ 
ischemic injury. 

Candidates must hold a Ph.D. or equivalent and at least 3 years postdoctoral 
experience with a strong record of scholarly activity. Candidates for appointment 
as Associate or Full Professors should also be nationally or internationally 
recognized scholars with consistent externally funded research programs. 
Prospective candidates should send a statement of research interests, vita and 
a list of three references to recruitosuneurosci@osumce.edu. Applications are 
being accepted now and formal review will begin August 30, 2018. The search 
will remain open until all positions are filled. 


The Ohio State University is an Equal Opportunity, Affirmative Action 
Employer and as such, women and minorities are encouraged to apply. 
Unless confidentiality is requested in writing, information regarding the 

applicants must be released upon request. 


MEDICINE CANCER INSTITUTE 


Postdoctoral Fellow/Staff Scientist Positions 
in Cancer Epigenomics 


The newly established Laboratory of Cancer Genomics in the Wilmot Cancer 
Institute at the University of Rochester Medical Center, led by Dr. Paula 
Vertino, is seeking productive and highly motivated individuals interested in 
cancer epigenetics/genomics. Current studies make use of molecular genetic 
and genomic approaches to understand epigenetic control of transcription and 
its role in phenotypic plasticity, intratumor heterogeneity and the emergence 
of invasive or drug resistant properties. Translational epigenomics studies 
in human cancers are focusing on defining epigenomic/genomic signatures 
associated with environmental exposures and patient outcomes with the goal 
of identifying novel routes for cancer therapy. 


Applicants should hold a PhD in the biomedical sciences, computational 
biology or related discipline with experience in molecular/cancer biology, 
(epi)genetic/omics, and/or bioinformatics. Wet and/or ‘dry’ lab experience 
with epigenomics technology/data (WGBS, ChIP-seq, ATAQ-seq, Pro-seq/ 
RIP-seq), single-cell approaches, RNA biology, gene editing, or cancer 
models (3D culture, spheroid/organoid) are highly desirable, but applicants 
with a strong background in a related area, track-record of accomplishment, 
and desire to work in a multidisciplinary team of investigators focused on 
cancer epigenetics will be considered. Computational scientists (MS/PhD) 
with expertise in bioinformatics, systems biology and machine learning 
approaches are also encouraged to apply. Candidates should have excellent 
scientific writing and oral communication skills, as well as the ability to 
work effectively and collaboratively with others. Information about living/ 
working at University of Rochester can be found at https://www.rochester. 
edu/working/hr/relocation/ 


Interested applicants should submit a cover letter, CV and contact information 
for three references to Ms. Elva Mikk, Wilmot Cancer Institute, University 
of Rochester, 601 Elmwood Avenue Rochester, NY 14642, or e-mail at: 
elva_mikk@urmc.rochester.edu 


VANDERBILT }7 UNIVERSITY 


TENURE TRACK ASSISTANT PROFESSOR 
MICROBIAL BIOLOGY 
DEPARTMENT OF BIOLOGICAL SCIENCES, 
VANDERBILT UNIVERSITY 
VANDERBILT INSTITUTE FOR INFECTION, 
IMMUNOLOGY AND INFLAMMATION 


The Vanderbilt University Department of Biological Sciences and the Vanderbilt 
Institute for Infection, Immunology and Inflammation invite applications for a 
tenure-track, faculty position in microbiology, including microbial ecology and 
the microbiome, at the Assistant Professor rank. The candidate will be expected 
to develop an independent laboratory research program using experimental and/ 
or computational approaches complementing current departmental strengths 
in cell and molecular biology, chemical biology, evolution, genomics, host- 
microbe interactions, and neurobiology (https://as.vanderbilt.edu/biosci/). 
As a new faculty member, the candidate will play an integral role within the 
trans-institutional Vanderbilt Microbiome Initiative (https://my.vanderbilt. 
edu/microbiome/) and will benefit from collaborations with internationally 
recognized programs including the Vanderbilt Genetics Institute, the Vanderbilt 
Institute of Chemical Biology, or the Vanderbilt Institute for Global Health. 
Selection criteria are excellence in research and the ability to teach undergraduate 
and graduate students with a high level of effectiveness. 

Applicants must have Ph.D. in hand by August 16, 2019. Applicants should 
submit a letter of interest, full curriculum vitae, and statements of research 
interests and teaching philosophy directly to http://apply.interfolio.com/54094. 
Applicants should arrange for four letters of recommendation to be sent to the 
same link. Completed applications must be received no later than October 24, 
2018. 

Vanderbilt University has a strong institutional commitment to recruiting 
and retaining an academically and culturally diverse community of faculty. 
Minorities, women, individuals with disabilities, and members of other 
underrepresented groups are encouraged to apply. Vanderbilt is an Equal 
Opportunity/A ffirmative Action Employer. 

Vanderbilt University is located in the heart of Music City, Nashville, TN, and 
ranks in the top 15 National Universities. Nashville is consistently rated as one 
of the best cities in which to live. 
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UNIVERSITY Of PENNSYLVANIA 


The Departments of Mathematics and Biology invite applications 
at the level of Associate or Full Professor for the Calabi-Simons 
Chair in Mathematics and Biology. This is a permanent endowed 
chair for which we are seeking an exceptional mathematical biologist 
or a mathematician with strong biological interests. The chair-holder 
will help build excellence in this field at Penn and provide leadership 
in enhancing interactions between the Mathematics and Biology 
departments. Responsibilities include teaching undergraduate and 
graduate courses in Mathematics and Biology and conducting research 
in the field. The Simons Foundation provides generous programmatic 
funds, which could support graduate students and postdoctoral fellows 
as well as seminars and conferences. 


Applications should be submitted online through mathjobs.org 
and include the following items: a cover letter, a vision statement 
on building a program in mathematics+biology, curriculum vitae, 
research statement, and a publication list. Review of applications 
will begin on October 15, 2018 and will continue until the position 
is filled. It is anticipated that the position will start July 1, 2019. 


The Departments of Mathematics and Biology are strongly 
committed to Penn's Action Plan for Faculty Diversity and 
Excellence and to creating a more diverse faculty (for more 
information see: http://www.upenn.edu/almanac/volumes/v58/ 
n02/diversityplan.html). The University of Pennsylvania is an 
EOE. Minorities/Women/Individuals with disabilities/Protected 
Veterans are encouraged to apply. Please address any questions 
to: personnel@math.upenn.edu. 


UNIVERSITY 
OF MIAMI 


iJ 


Open Rank Position in Ecology and Evolutionary Biology 
Department of Biology 


The University of Miami’s Department of Biology invites applications from 
outstanding scholars engaged in addressing fundamental questions in Ecology 
and/or Evolutionary Biology. We welcome applications from candidates at any 
career stage whose research will complement and grow the existing strengths 
of our department and who would be interested in contributing to cross-campus 
collaborations with other academic units at the University of Miami. Applicants 
working on any area of ecology or evolutionary biology are encouraged to 
apply, but we are especially interested in candidates whose work addresses 
at least one of the following themes using state-of-the-art approaches and 
techniques: Tropical Biology, Species Interactions (including symbiosis), 
Conservation Biology, Plant Biology, and/or Quantitative Biology (including 
Mathematical or Theoretical Biology). To be eligible for this open-rank 
position, successful candidates must hold a PhD, have postdoctoral experience, 
and have a strong track record of publications and funding commensurate 
with rank. The hire will be expected to develop a vigorous, externally funded 
research program and teach at the undergraduate and graduate levels. More 
information about the Department of Biology and the University of Miami 
can be found at http://www.as.miami.edu/biology/. 


Applicants should submit a cover letter that includes a description of potential 
interactions they foresee with faculty in the Department of Biology or other 
units at the University of Miami, a curriculum vitae, two representative 
publications, a research statement, a teaching statement, and the names of three 
references online at https://umiami.wd1.myworkdayjobs.com/UMFaculty. 
Inquiries should be directed to the Search Chairs at eebfacultysearch@miami. 
edu. To receive full attention application materials must be received by 
October 15, 2018. 


The University of Miami is an Equal Opportunity Employer, and Females/ 
Minorities/Protected Veterans/Individuals with Disabilities are especially 
encouraged to apply. Applicants and employees are protected from 
discrimination based on certain categories protected by Federal law. 


BIODISCOVERY INSTITUTE, 
UNIVERSITY OF NORTH TEXAS 
ASSISTANT/ASSOCIATE 
PROFESSOR OF 
MICROBIAL METABOLISM 


BIODISCOVERY 
y} INSTITUTE 


UNT 


The University of North Texas (UNT), Denton, Texas, invites applications 
from outstanding scientists for an assistant or associate professor position in the 
BioDiscovery Institute (BDI), one of four Institutes of Research Excellence. 
Candidates addressing important fundamental and applied questions in the 
synthesis and development of bio-based products for agriculture, materials 
engineering, bioenergy or health benefits are especially encouraged to apply. 
We are seeking individuals working at the forefront of microbial metabolism 
and metabolic engineering. The new hire will complement and interact with 
existing researchers in systems modeling of metabolism, plant biochemistry, 
and biotechnology. Newly renovated research space, competitive start-up 
packages, and state-of-the-art core facilities in genomics and metabolomics 
will support the new hire and colleagues in BDI. 


The successful candidate will bring an internationally recognized research 
program, interact with diverse faculty, staff and students within BDI and across 
UNT, and contribute to graduate and/or undergraduate training. Applicants 
should have a Ph.D. in a biological, computational, chemical or engineering 
sciences discipline, a record of funding and publication in the target area, and 
a commitment to research excellence within an interdisciplinary environment. 
Applications should be made through the UNT Academic Resources website 
(https://facultyjobs.unt.edu) and should include a cover letter, curriculum 
vitae, two-page summary of research interests and accomplishments, one-page 
statement of teaching philosophy, and the names and contact information 
for three references. Questions may be directed to Brian G. Ayre (bgayre@ 
unt.edu), Search Committee Chair, or Kent D. Chapman (chapman@unt. 
edu), BDI Director. Screening of applications will begin immediately and 
will continue until the positions are closed. For best consideration, apply by 
October 15, 2018. 


The University of North Texas is an Equal Opportunity/Access/Affirmative 
Action/Pro Disabled and Veteran Institution committed to diversity in its 
employment and educational programs, thereby creating a welcoming 
environment for everyone. 


Faculty position in sie sieeve cisie Disease 


Cummings School of Veterinary Medicine at Tufts University invites 
applications from experienced individuals to join the Department of 
Infectious Disease and Global Health (IDGH), with programs in infectious 
disease and international health, wildlife and conservation medicine. 


The ideal candidate will have a DVM and/or PhD degree with substantial 
expertise and interest in teaching/directing the microbiology/infectious 
disease DVM degree course and participating in other graduate degree 
courses taught on campus. Applicants must have an established scientific 
research record and demonstrated grant-writing skills. Appointments will be 
considered at the assistant to full professor level, depending on experience 
and research record. 


The candidate will help promote a team approach to problem solving 
through scientific research, teaching and service as a part of a strong faculty 
core in infectious disease with research interests spanning bacterial, viral, 
and parasite medicine in both animals and humans. Responsibilities will 
include teaching core and elective courses at the professional and graduate 
level; supervising, training and mentoring students; serving on faculty 
committees; and contributing to community service initiatives. Salary is 
commensurate with experience and includes a benefits package. 


Specialized facilities available include the New England Regional Biosafety 
Laboratory, a BSL-3 biocontainment/Select Agent research space (http:// 
vetsites.tufts.edu/ne-rbl/). 


Please submit a letter of application stating your professional experience 
and goals along with your CV and 4 professional contact references 
electronically via Interfolio at http://apply.interfolio.com/53633. 
Questions about the position can be directed to Dr Saul Tzipori (saul. 
tzipori@tufts.edu). 


Tufts University is an Equal Opportunity/ Affirmative Action Employer. 


COLUMBIA UNIVERSITY 
Vagelos College of Physicians and Surgeons 


The Department of Surgery in the Vagelos College of Physicians and Surgeons and the Department of Biomedical Engineering in the School and 
Engineering and Applied Science are pleased to invite applications for a tenure-track faculty position at Columbia University in the City of New York. 
Applications at the level of Assistant, Associate or Full Professor will be considered. Candidates are sought in the broad area of Tissue Engineering and 
Regenerative Medicine. The selected candidate is expected to develop and lead an original externally funded research program, and to contribute to the research 
and educational missions of the Departments of Surgery and Biomedical Engineering. The University offers a rich environment for multidisciplinary research 
and encourages collaborations amongst clinical and basic science departments. This position seeks candidates who will develop research across the fields 
of tissue engineering, regenerative medicine, stem cell biology, and surgical disciplines. An ideal candidate will strengthen ties between the Departments of 
Surgery and Biomedical Engineering, building upon existing strengths in the use of cellular, tissue and whole organ engineering, and regenerative medicine 
to treat diseases of the cardiovascular, pulmonary and digestive systems. The University is especially interested in qualified candidates who can contribute, 
through their research, teaching, and service, to the diversity and excellence of the academic community. Requirements include MD, PhD or its professional 
equivalent in biomedical engineering or a related field, a record of pioneering research in the area of Tissue Engineering and Regenerative Medicine, and 
demonstrated abilities to attract extramural research funding and to teach effectively. Candidates should apply online and upload a curriculum vitae, statement 
of current and future research (1-2 pages), and contact information for three experts who can provide letters of recommendation. 


Application link: academicjobs.columbia.edu/applicants/Central? quickFind=66483 


The Department of Surgery and Department of Systems Biology in the Vagelos College of Physicians and Surgeons are pleased to invite applications 
for a tenure-track faculty position at Columbia University in the City of New York. Applications at the level of Assistant, Associate or Full Professor will 
be considered. Candidates are sought with specific research interests in applying systems biology approaches to questions in immunology of translational 
relevance to human diseases. Collaborations with groups studying the anatomy of the immune responses in mice and humans in health and disease are 
particularly encouraged. Columbia University Medical Center provides a highly interactive, collaborative environment for pursuing studies in systems 
biology. Candidates are expected to develop an independent peer-review funded research program. In addition to setting up a vibrant research program 
in systems immunology, the candidate is expected to participate in the training of graduate students and surgical residents, and participate in the teaching 
of graduate students. Candidate should also participate in both systems biology and immunology seminar series and serve as a member of the research 
committee in the Department of Surgery. PhD, MD or its professional equivalent required. Candidates should apply online and upload a curriculum vitae, 
statement of current and future research (1-2 pages), and contact information for three experts who can provide letters of recommendation. 


Application link: academicjobs.columbia.edu/applicants/Central? quickFind=66484 


FACULTY POSITION IN CANCER BIOLOGY 


me a a a ce ag «=: Department of Medicinal Chemistry and Molecular Pharmacology 


The department of Medicinal Chemistry and Molecular Pharmacology (MCMP) (http://www.mcmp.purdue.edu) in conjunction with the NCI designated Purdue 
Center for Cancer Research (https://www.cancerresearch.purdue.edu/) invites applications for a TENURED / TENURE-TRACK FACULTY POSITION at 
all ranks. Preference will be given to qualified candidates with strong programs in Translational Cancer Biology focused on targeted therapies of signal 
transduction, epigenetics, immunotherapy and animal models of disease. 


The department offers a unique multidisciplinary and collaborative environment with synergistic strengths in both chemistry and biology, spanning a wide 
range of topics including signal transduction, epigenetics, structural and computational biology, molecular pharmacology, systems biology, chemical biology, 
medicinal chemistry and drug discovery. In addition to the cancer center the MCMP department also contributes significantly to Purdue Institute for Integrative 
Neuroscience (http://www.purdue.edu/discoverypark/pillars/integrative-neuroscience-center/index.php), Purdue Institute for Inflammation, Immunology 
and Infectious Disease (http://www.purdue.edu/discoverypark/pillars/pi4d/index.php), and Purdue Institute for Drug Discovery (http://www.purdue.edu/ 
discoverypark/drug-discovery/). 


Purdue University is investing more than $250 million in the life sciences over the next five years and offers state-of-the-art facilities for transgenic animals, 
imaging, genomics, bioinformatics, proteomic and metabolomics, NMR, X-ray crystallography, CryoEM, and chemical genomics. Faculty have the opportunity 
to train graduate students in the departmental and university-wide interdisciplinary programs. Highly competitive salary, start-up funds and laboratory space 
will be provided. 


Candidates must have a Ph.D. degree or equivalent in Cell Biology, Biochemistry, Pharmacology or a relevant scientific discipline and relevant post-doctoral 
experience. The successful candidate will be expected to establish and/or maintain a strong extramurally-funded research program and will participate in 
undergraduate, professional, and graduate education/teaching. 


Applications should consist of (1) a cover letter including the names and contact information of three references, (2) a curriculum vitae, (3) a statement of 
teaching philosophy and experience, and (4) a summary of planned and/or ongoing research. These materials should be submitted electronically to https:// 
bit.ly/2NmdVkvV. Please contact Barb Mullenberg at davidsba@purdue.edu if you have questions about uploading documents or the search. For technical 
assistance, please email careers@purdue.edu (mailto:careers@purdue.edu) 


Review of applications will begin on October 15, 2018 and will continue until the position is filled. Applications will be held in confidence until the interview 
phase of the process, and the applicants’ permission to contact references prior to that time will be obtained. A background check will be required for employment 
in this position. 

Purdue University’s Department of Medicinal Chemistry and Molecular Pharmacology is committed to advancing diversity in all areas of faculty effort, including 
scholarship, instruction and engagement. Candidates should address at least one of these areas in their cover letter, indicating their past experiences, current 
interests or activities, and/or future goals to promote a climate that values diversity and inclusion. 


Purdue University is an EOE/AA Employer. All individuals, including minorities, women, individuals with disabilities, and veterans are encouraged to apply. 
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POSITIONS OPEN 


UNIVERSITY OF ILLINOIS AT CHICAGO, 
DEPARTMENT OF CHEMISTRY invites ap- 
plications for a tenure-track assistant professor 
in inorganic chemistry emphasizing bioinorganic 
systems. Successful candidates will conduct rig- 
orous and innovative research in bioinorganic 
chemistry broadly defined, including possible 
focus areas of inorganic spectroscopy, synthetic 
inorganic model chemistry, bio-mimetic and bio- 
inspired catalysis science, artificial metalloenzymes, 
and/or metal-based imaging and therapeutic 
agents. Candidates also are expected to contrib- 
ute to teaching of inorganic chemistry to graduate 
and undergraduate students at UIC. A Ph.D. is 
required, and postdoctoral experience is highly 
recommended. This position is expected to start 
on August 16, 2019. Candidates should sub- 
mit an online application including a cover letter, 
curriculum vitae, brief summary of past research 
accomplishments, proposals for a vibrant inde- 
pendent research program, and the names and 
email addresses of 3 references to website: https:// 
jobs.uic.edu/job-board/job-details?jobID= 
101540&job=assistant-professor-bioinorganic- 
chemistry by October 15, 2018. Final authoriza- 
tion of the position is subject to availability of 
funding. The University of Illinois at Chicago is an Af- 
firmative Action, Equal Opportunity Employer, dedicated to 
the goal of building a culturally diverse and pluralistic faculty 
and staff committed to teaching and working in a multicul- 
tural environment. We strongly encourage applications from 
women, minorities, individuals with disabilities and covered 
veterans. The University of Illinois may conduct background 
checks on all job candidates upon acceptance of a contingent 
offer. Background checks will be performed in compliance with 
the Fair Credit Reporting Act. 


Professor and Director 
University of Minnesota Nuclear Magnetic 
Resonance Center 


The University of Minnesota invites applicants to 
serve as Director of the University of Minnesota Nu- 
clear Magnetic Resonance (NMR) Center (http:// 
wwwl.umn.edu/nmr/). The Director is expected to 
provide overall academic leadership for the Center 
and represent the unit both inside and outside the 
University. The Center consists of several high-field 
spectrometers including a 900, 850, two 700 and two 
600 MHz spectrometers equipped with cryogenic 
probes. In addition, two solid-state NMR spectrome- 
ters are equipped with MAS and static NMR probes. 
The Center Director is expected to maintain a creative 
and vibrant research program and be a leader in the 
community of scholars studying cellular biophysics. 
Preference will be given to scientists focusing on struc- 
tural analysis of biomolecules and applications are 
encouraged from those studying macromolecular com- 
plexes, signaling systems or membrane proteins. The 
successful candidate will be tenured in the Department 
of Biochemistry, Molecular Biology and Biophysics of 
the Medical School. 

Candidates must have a Ph.D. or equivalent degree 
in Biochemistry, Chemistry or a related field and be 
able to teach undergraduate and graduate level bio- 
physics and biochemistry courses. 

Applicants must apply online at email: employment. 
umn.edu. In the “Keywords” box enter 325629 and 
click “Search”. Applicants should attach a cover letter, 
curriculum vitae, names and e-addresses of three refer- 
ences and a description of the proposed research. Re- 
view of complete applications will begin immediately 
and continue until the position is filled. More informa- 
tion concerning the Department and this position can 
be found at http://www.cbs.umn.edu/bmbb 

The University of Minnesota provides equal access to and 
opportunity in its programs, facilities, and employment without 
regard to race, color, creed, religion, national origin, gender, 
age, marital status, disability, public assistance status, veteran 
status, sexual orientation, gender identity, or gender expression. 
The University supports the work-life balance of its faculty and 


especially encourages applications from women and members of 


under-represented groups. 
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Dartmouth 


GEISEL SCHOOL OF MEDICINE 


GEISEL SCHOOL OF MEDICINE AT 
DARTMOUTH SEEKS OUTSTANDING 
CANDIDATES FOR POSITION OF 
PROFESSOR AND CHAIR, DEPARTMENT 
OF MOLECULAR AND SYSTEMS BIOLOGY 


Created in 2016, the Department of Molecular and 
Systems Biology encompasses a community of genet- 
icists, cancer biologists, neurobiologists, physiologists, 
molecular pharmacologists, and data scientists com- 
mitted to using interdisciplinary approaches to solve 
complex problems in biological systems. We seek an 
innovative scientist and scholar to lead this innova- 
tive department. Successful candidates will be recom- 
mended for appointment as Professor with tenure. 

Candidates must possess a terminal degree (PhD, MD, 
or equivalent); a distinguished and active record record 
of extramurally sponsored research; a history of excel- 
lent peer-reviewed scholarship; demonstrated expertise 
and commitment to graduate teaching; and a strong 
track record of leadership, mentoring/sponsorship, 
and personnel management, especially as it relates to 
oversight of multi-disciplinary and interdisciplinary re- 
search. The Chair will be committed to the principle 
that a diverse and inclusive community of students, 
staff, and faculty enhances our mission in providing ex- 
ceptional education, advancing biomedical discovery, 
and fostering innovation to help tackle the most vexing 
challenges in biomedical science and health care. 

Interested candidates should submit a cover letter; 
curriculum vitae; statement of research/scholarly ac- 
complishments and interests; a narrative of administra- 


tive and leadership philosophy including a statement of 


past and proposed efforts to enhance diversity and in- 
clusion; and names of three individuals who will be 
contacted, with permission of the candidate, follow- 
ing initial evaluations by the search committee to 
website: apply.interfolio.com/51278. Initial evalu- 
ation will begin September 30, 2018 and will contin- 
ue until the position is filled. For information, contact 
Dr. Charles Barlowe, Chair of the Search Committee 
(Charles.Barlowe@Dartmouth.edu). 

Dartmouth College is an Equal Opportunity /Affirmative 
Action employer with a strong commitment to diversity and inclu- 
sion. We prohibit discrimination on the basis of race, color, religion, 
sex, age, national origin, sexual orientation, gender identity or 
expression, disability, veteran status, marital status, or any other 
legally protected status. Applications by members of all underrep- 
resented groups are encouraged. 


SAINT LOUIS UNIVERSITY 


FACULTY POSITIONS 
DEPARTMENT OF BIOCHEMISTRY AND 
MOLECULAR BIOLOGY 
SAINT LOUIS UNIVERSITY SCHOOL 
OF MEDICINE 


Saint Louis University, a Catholic Jesuit institution 
dedicated to education, research, health care, and ser- 
vice, is seeking outstanding applicants for tenure-track 
faculty positions, open rank, in the Edward A. Doisy 
Department of Biochemistry and Molecular Biology 
(http://biochem.slu.edu/). We are specifically inter- 
ested in research programs focused on the structural 
basis of biological mechanisms. Please submit a cover 
letter, curriculum vitae, description of future research 


plans with a detailed 3-year budget and addresses of 


three references to websit: http://jobs.slu.edu. 

Saint Louis University is an Affirmative Action, Equal 
Opportunity Employer, and encourages nominations and appli- 
cations of women and minorities. 


UNIVERSITY of 
RS, ROCHESTER 
UNIVERSITY OF ROCHESTER 


The Department of Chemistry invites applications 
for a tenure track faculty position in the area of organic 
chemistry. Applications at the Assistant, Associate, and 
Full Professor levels will be considered, for positions 
starting July 2019 or later. Candidates are expected to 
establish an outstanding program of original research 
and be effective teachers at the graduate and under- 
graduate levels. Application materials should be sub- 
mitted online at website: http: //www.rochester.edu/ 
faculty-recruiting/positions. Questions may be sent 
to e-mail: facrec@chem.rochester.edu. Review of com- 
pleted applications will begin on October 1, 2018. 

The University of Rochester has a strong commitment to di- 
versity and actively encourages applications from candidates 


from groups underrepresented in higher education. The Uni- 


versity is an Equal Opportunity Employer. 


FACULTY POSITIONS IN MOLECULAR 
CARDIOVASCULAR BIOLOGY 


Assistant, Associate or full Professor faculty posi- 
tions are available for the Division of Molecular Car- 
diovascular Biology, within the Heart Institute, in the 
Department of Pediatrics at Cincinnati Children’s 
Hospital Medical Center. These will be regular, tenure- 
track faculty appointments. The applicant should have 
a Ph.D., M.D. or M.D.-Ph.D. with a research pro- 
gram that investigates or can be applied to the inves- 
tigation of the molecular biology of cardiac muscle, 
although applicants with a skeletal muscle research 
focus will also be considered. The successful appli- 
cant will receive a generous startup package and join a 
multi-disciplinary, world-renowned faculty performing 
cutting-edge heart and skeletal muscle research with 
a strong emphasis on disease mechanisms. Cincinnati 
Children’s Hospital Medical Center was named the 
second best children’s hospital in the United States in 
the 2018 U.S. News & World Report and is the second- 
highest ranking recipient of research grants from the 
NIH among pediatric institutions. The Heart Insti- 
tute has brought together clinical care, research and 
education programs, all directed at providing compre- 
hensive care for children with heart and muscle disease 
and developing novel therapeutic avenues for treat- 
ment (https: //www.cincinnatichildrens.org/research/ 
divisions/h/heart). 

A letter of interest, accompanied by a complete 
curriculum vitae and the names of three references 
should be electronically sent to email: Jeff.Molkentin@ 
cchme.org 

In consideration of our children the Medical Center is com- 
mitted to a smoke-free workplace. Children’s Hospital Medical 
Center conducts pre-employment drug screening as part of a 
comprehensive program to maintain a drug-free workplace. 
Equal Opportunity Employer M/F. Minorities are encouraged 
to apply. 


University of Wisconsin-Milwaukee 

The University of Wisconsin-Milwaukee seeking 
applicants for a tenure-track faculty position in Bio- 
inorganic Chemistry. Preference will be given to ap- 
plicants with primary interests in biomineralization, 
or to those having a strong background in synthesis 
and characterization of novel metal-containing bio- 
mimetic models. Review of applications will begin on 
October 22, 2018, and will continue until the position 
is filled. Visit website: jobs.uwm.edu/postings/ 
27836 to see more details and to apply. 


* 1,877,103 unique job seekers 
* 250,657 job applications in 2016 
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University of Missouri 
CELL BIOLOGY 
Tenure Track Faculty Position 
Assistant or Associate Professor 
Division of Biological Sciences 


The Division of Biological Sciences at the University of Missouri (http://biology.missouri.edu) invites applications for a tenure-track position at the level of 
Assistant or Associate Professor. Candidates using innovative approaches to address important questions in cell biology are encouraged to apply. We seek 
an individual employing multiple approaches to investigate cellular processes involved in development, physiology or disease. We are particularly interested 
in individuals who are incorporating quantitative/computational approaches into their research. The successful candidate will establish and maintain a 
well- funded research program that complements our strengths in cell and molecular biology, genetics/genomics, evolution, and neurobiology. The position 
will provide excellent opportunities for multidisciplinary collaborations with basic and translational scientists across the University of Missouri campus. 


The Division of Biological Sciences place a high value on diversity and inclusivity (http://biology.missouri.edu/diversity-outreach/diversity-statement/). We 
especially seek candidates with outstanding mentoring skills who welcome and appreciate the racial and cultural diversity of our academic community. We 
encourage applications from individuals who demonstrate a commitment towards inclusiveness and access to higher education for groups underrepresented 
in the sciences. 

We offer a competitive salary and start-up package, a vibrant graduate program with institutional support for students, a highly interactive faculty and 
outstanding core facilities. Columbia, Missouri, is ranked among the top-ten college towns in the U.S. 

The University of Missouri is fully committed to achieving the goal of a diverse and inclusive academic community of faculty, staff and students. We seek 
individuals who are committed to this goal and our core campus values of respect, responsibility, discovery and excellence. 


Please apply on line at: http://hrs.missouri.edu/find-a-job/academic. Use the online application and be prepared to upload your CV cover letter, a description 
of research plans and teaching interests, a diversity statement addressing contributions to diversity through research, teaching, and service and names and 
contact information of three referees willing to write a letter if solicited. Applicants may contact the Chair of the Search Committee (bioscifacultysearch@ 
missouri.edu) with any questions about the job duties. Contact Human Resource Services (muhrs@missouri.edu) for any questions about the application process. 
Review of application materials will begin October 26, 2018. To ensure full consideration, applications should be complete by this date. The position will 
remain open until filled. 


An Equal Opportunity/Access/Affirmative Action/Pro-disabled and Veteran Employer. 


Assistant Scientist in Biomedical Research, Worcester Polytechnic Institute 


Sanford Research 
Tenure Track Assistant Professor 
in Synthetic Chemistry 


As part of WPI’s systems biology initiative, the Chemistry and 
Biochemistry Department invites applications for a tenure-track faculty 
position in chemical synthesis beginning in August 2019. Synthetic 
organic, synthetic inorganic, and/or biosynthetic chemists interested 
in biological problems are particularly encouraged to apply. Colleagues 
joining our research enterprise will benefit from an intimate, highly 
collaborative research environment with current strengths that include 
drug discovery, drug delivery, membrane biochemistry, and cell 
signaling. The successful applicant will develop a vigorous, externally 
funded, internationally highly regarded research program. A strong 
commitment to teaching in the undergraduate and graduate curricula is 
expected. Applicants for a senior position must have a strong record of 
high impact publications and funding. 


WPI’s reputation as a rigorous and innovative university rests on 
the shoulders of its faculty. A highly selective, private STEM focused 
university and one of the nation’s first, WPI believes that when great 
minds work together, great advances follow. At WPI the boundaries to 


Sanford Research invites applications for full-time faculty at the rank 

of Assistant Scientist within Sanford Research in Sioux Falls, SD, with 
commensurate rank of Assistant Professor at the Sanford School of 
Medicine at the University of South Dakota. Sanford Research is the non- 
profit research branch under Sanford Health. 


We seek outstanding scientists with research programs that span areas of 
biomedical research including but not limited to: genetics and genomics, 
pediatrics and rare diseases, stem cell biology, diabetes, or environmental 
influences of diseases. The successful candidate will have an opportunity to 
become a project leader on the NIH-funded Center for Pediatric Research 
CoBRE which focuses on key regulators of cellular pliancy that contribute 
to the developmental origins of pediatric disorders. Significant institutional 
support, including modern laboratory space and state-of-the-art facilities 
will be provided. A comprehensive benefits package will be tailored to the 
candidate’s qualifications. 


Qualifications 

Applicants should hold a PhD, MD or MD/PhD degree and complement 
the existing strengths and interdisciplinary and collaborative nature of 
Sanford Research. Physician Scientists are encouraged to apply. Candidates 
will be expected to develop independent research programs and secure 
extramural funding. 


Application 

Sanford Health is an Equal Opportunity/Affirmative Action Employer. 
Applicants should submit a single PDF that includes: 1) detailed curriculum 
vitae, 2) description of research experience and future research plans with 
details on relevance of their research to genetics and genomics, pediatrics 
and rare diseases, stem cell biology, diabetes, or environmental influences of 
diseases, and 3) three letters of recommendation. If any of the information 
above is missing, the submission will not be considered. Submit materials 
via email to: researchrecruitment@sanfordhealth.org 
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multidisciplinary collaboration are low; faculty members, students, and 
other partners work together on the real-world projects and purposeful 
research that are hallmarks of the WPI experience. We are most proud 
of a recent No. 1 ranking for “faculty who best combine research and 
teaching.” (Wall Street Journal/Times Higher Ed, 2016). Located one hour 
west of Boston, the university’s campus is in Worcester, Massachusetts, 
a thriving 21st century college city recognized as a growing hub of 
scientific and technological innovation. 


To apply, visit: http://apptrkr.com/1281630 
WPI is an Equal Opportunity Employer 
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FACULTY POSITIONS 


Career Feature: 
Artificial Intelligence 


Issue date: November 30 
Book ad by November 15 


Ads accepted until November 21 if space allows 


online @sciencecareers.org 
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129,562 503,472 56% 


subscribers in print monthly unique browsers of our weekly readers 
every week on ScienceCareers.org are Ph.D.s 


Artificial Intelligence (Al) is impacting science in new and exciting ways as 
scientists are using it to better understand society to find solutions to problems 
across diverse disciplines. This feature will give an overview of Al, and explore 
the hotspots/centers of excellence and applications for Al. Typical career paths 
for those working in Al will be explored as well as the opportunities that exist for 


careers in Al. 
" pues ade Your organization can brand itself as a leader in Al by raising your visibility 
Se ee cetue gers Une alongside relevant content while attracting potential candidates. Contact us for 


further details. 


The Americas 


+ 202 326 6577 
What makes Science the best choice for recruiting? 
Europe 
+44 (0) 1223 326527 * Read and respected by 400,000 readers around the globe 
Japan = Your ad dollars support AAAS and its programs, which strengthens the global 
+813 6459 4174 scientific community. 
China/Korea/Singapore/ 
Taiwan Why choose this Al Feature for your advertisement? 
+86 131 4114 0012 


= Relevant ads lead off the career section with a special “Al” 


banner. 
Produced by the Science/AAAS 
Custarn Publishing Office. Expand your exposure by posting your print ad 
online: 


= Link on the job board homepage directly to 
Al jobs 


« Dedicated landing page for Al positions. 
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FOR RECRUITMENT IN SCIENCE, THERE’S ONLY ONE SCIENCE. 
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POSTDOCTORAL OPPORTUNITIES 


Yale 


YALE UNIVERSITY SCHOOL 
OF MEDICINE 
POSTDOCTORAL ASSOCIATE 
Infectious Disease Pathogenesis/Immunology 


Positions available to study the interactions between 
ticks, pathogens and the vertebrate host. The goal is to 
develop new strategies to prevent diverse tick-borne in- 
fections, such as Lyme disease, anaplasmosis, babesiosis 
and Powassan virus. An M.D. or Ph.D. in microbial 
pathogenesis, immunobiology, entomology, cell biol- 
ogy or molecular biology is necessary. 

Send curriculum vitae and recent publications to: 
Erol Fikrig M.D., Investigator, Howard Hughes 
Medical Institute, Yale University School of Med- 
icine, Section of Infectious Diseases, P.O. Box 
208022, New Haven, CT 06520-8022 or email: 
lynn.gambardella@yale.edu. Yale University is an 
Affirmative Action, Equal Opportunity Employer. Applications 


from women and minorities are encouraged. 


Search more jobs online 


Access hundreds of job postings 
on ScienceCareers.org. 


Expand your search today. 


MCGOVERN INSTITUTE 
FOR BRAIN RESEARCH AT MIT 


Call for Nominations: 
Scolnick Prize in Neuroscience 


The McGovern Institute for Brain Research is accepting nominations for the 16" annual Edward M. 
Scolnick Prize in Neuroscience. The Prize recognizes an outstanding discovery or significant advance 
in the field of neuroscience. The prize is $150,000. The recipient presents a public lecture at MIT, 
hosted by the McGovern Institute and followed by a dinner in Spring 2019. 


Nomination Deadline: December 15, 2018 


Nomination procedures: Candidates for the award must be nominated by individuals affiliated with 
universities, hospitals, medicals schools, or research institutes, with a background in neuroscience. 
Self-nomination is not permitted. Each nomination should include: 
* A biosketch or CV of the nominee; 
* A letter of nomination with a summary and analysis of the major contributions of the nominee to 
the field of neuroscience. 
* Up to two representative reprints will be accepted. 


Selection Procedure: 

* Members of the selection committee and faculty affiliated with MIT are not eligible. 

« Announcement of the award recipient will be made in January 2018 

* Recipient must attend all events to be awarded the prize. 
Past Scolnick Prize Recipients: 
Dr. Masakazu Konishi, Dr. Judith L. Rapoport, Dr. Michael E. Greenberg, Dr. David Julius, Dr. Michael 
Davis, Dr. Jeremy Nathans, Drs. Lily and Yuh-Nung Jan, Dr. Bruce McEwen, Dr. Roger Nicoll, Dr. 
Thomas Jessell, Dr. Huda Zoghbi, Dr. Charles Gilbert, Dr. Cornelia Bargmann, Dr. Catherine Dulac, 
Dr. David J. Anderson, 
Send nomination packet to: gwolf@mit.edu or Attn: Scolnick Prize Nomination, McGovern Institute 
for Brain Research, Massachusetts Institute of Technology, 77 Massachusetts Avenue 46-3160, 
Cambridge, MA 02139. 


For more information: http://mcgovern.mit.edu 
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HUNTER 

PROGRAMME 

announces an opening of 

122 academic positions at 

the Catalan Public Universities 


> serrahunter.gencat.cat/en 


>The deadline for applications 
is september 16th 2018 
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By Lucka Bibic 
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Learning to lead 


bout a year ago, I took on the best imaginary job out there: CEO of CryoThaw, the finest company 
that never existed. I had come across a tweet announcing the 2017 Young Entrepreneurs Scheme 
competition, sponsored by the University of Nottingham with partners from the U.K. govern- 
ment and industry, in which teams form hypothetical startups based on feasible scientific ideas. 
As a graduate student unsure of my career plans, I was excited to explore outside academia. I 
also saw it as a way to develop my leadership skills. So, with the support of my supervisors and 
funders, I decided to give it a go. I recruited three other students, and we chose to focus on improving 
organ transplantation. I thought I had everything under control. I couldn’t have been more wrong. 


They say successful teams are part 
art, part science. Initially, we were 
neither. We were just four students 
with remarkably different person- 
alities struggling to work toward a 
shared goal. I had allocated tasks 
based on each team member’s 
skills, but I confused delegation 
with leadership and failed to moti- 
vate the team to work together. Our 
initial meetings went in circles— 
repetitive conversation with no 
clarity and a lot of time wasted 
rehashing previous decisions—and 
frequently ended in turmoil. As 
a result, the project started with 
frustration and animosity. The 
tension between being perceived 
as my teammates’ competent CEO 
and who I actually was—their grad 
school buddy with no prior leader- 
ship experience or training—became 
intolerable. I considered opting out of the whole thing. 

After a few weeks, a teammate confessed to me that he 
found our meetings stressful, too. I finally grasped that this 
culture was unsettling for everyone, not just me. “Oh boy, I 
suck!” I thought. Something needed to change. 

I turned to my go-to tool for working through my 
thoughts and seeking clarity: I wrote in my notebook. I 
reflected on our performance and how each team mem- 
ber was an asset. I articulated examples where everyone, 
myself included, could do better. I thanked them for push- 
ing me. When I saw that what I had written actually made 
sense, I decided that there was nothing to do but email it to 
my team as what I called an “open letter from your CEO.” 
Maybe it would help us find a way forward, because other- 
wise we were going nowhere. 

For a day, I could hardly bear to check my email. Then I 
cut myself some slack and decided I could feel proud of this 
appreciative, frank, vulnerable email. It felt like progress. 


“Team chemistry took 
off as we spoke our minds, 
good and bad.” 


Soon, my teammates called and 
thanked me for what I had written. 
They were relieved to learn that 
they were not the only ones strug- 
gling. Ultimately, the email served 
as a bond. And it taught me that be- 
ing a leader is all about authenticity. 

From there, team chemistry took 
off as we spoke our minds, good and 
bad. I found my voice as a leader, 
fostering an environment where 
we acknowledged our individual 
strengths and weaknesses, and 
where I wasn’t expected to have 
all the answers but could never- 
theless provide guidance. We read 
and watched everything we could 
find about heart transplantation, 
learned from webinars about start- 
ups, networked with experienced 
entrepreneurs, contacted national 
health services for data, and ar- 
ranged consultations with medical experts. Then, one day, 
a teammate entered the meeting with his hands full of pa- 
pers and his breath shallow with excitement. “This cryo- 
preservation thing is wicked!” he exclaimed. Soon after, we 
came up with CryoThaw Heart, a gold nanoparticle and 
laser-based approach to rapidly freeze and thaw hearts. We 
put together our business plan, pitched it, got selected for 
the finals—and won our division as well as the people’s 
choice award. 

Looking back, it wasn’t just a matter of how successful we 
turned out to be; it was also how far from successful we were 
at first. Our initial failures made me realize how being a leader 
starts with being your better self. Heartbreak doesn’t have to 
be the end of the world. In many ways, it can be a beginning. 


Lucka Bibic is a Ph.D. candidate at the University of 
East Anglia in Norwich, U.K. Send your career story 
to SciCareerEditor @aaas.org. 
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